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I,

INTRODUCTION
The pulmonary vasculature has for many years been considered as a

passive system of distensible tubes designed to expose the entire cardiac
output to alveolar gas in order to facilitate oxygen and carbon dioxide
exchange.

While this is a relatively simple concept,

organ system of intricate design to provide the speed,

it requires an
efficiency of

exchange, capacity and compactness^ necessary for adequate and efficient
function.

The pulmonary circulation serves as a blood resevoir, a source

of nutrition to the alveoli, a filter, a means of removing fluid from the
alveoli and finally in pulmonary gas exchange.
; C

S

22

in this last capacity that it. has received so much attention

and investi gation.

For a. variety of physical reasons there is variability

in the regi onai distensibility and resistance to air flov2° and thus •with
inspiration some alveoli receive a greater proportion of the tidal volume
t han do c t hers.
If indeed the vasculature served as a passive conduit for the cardiac
output of the right side of the heart,

it -would be expected that poorly

ventilated alveoli would be perfused along with adequately ventilated,
alveoli.

The oxygen saturation of the pulmonary venous blood would surely

vary with the slightest change in ventilation volume, rate,
and perfusion pressure.

cardiac output

Yet it is known that pulmonary venous blood is

almost fully saturated with oxygen and has a relatively constant carbon
dioxide tension under a variety of conditions. °

Thus it is apparent that

a mechanism does exist whereby alveolar perfusion is regulated to match
local alveolar ventilation and thus assures the precise control of gas
exchange that occurs.

This mechanism has "been the recipient of a tremendous amount of
investigation and a source of great controversy.

Some of the first

recorded, experiments designed to elucidate this mechanism studied the
effects of asphyxiation upon systemic and pulmonary pressures.^
1904 Flumier

92

In

j

“ found that a decrease in the oxygen tension of the in¬

spired .air elicited an increase in pulmonary pressure in the anesthetized
dog.

Von Euler and Liljestrand in 1946^ studied the effects of changing

the inspired gas composition upon the pulmonary arterial pressure (PAP)
and theorized

that changes in PQg and Pqq.~ led to the local pulmonary

vascular changes and thus, redistributed the pulmonary blood flow from
hypoventilated areas to well ventilated regions,

Liijestrand

in

I95S

proposed that the periods of hypoxia in cats led to- an increased release
of lactic acid locally, and it was this decrease in pH that was the
chemical stimulus for vasoconstriction and consequent increase in PAP.
This work stimulated Enson

42

to undertake a study to determine the

effects of change in pH upon the PAP of patients with chronic respiratory
disease.

Enson describes a relationship between the hydrogen ion eor.cen-

traion and the response to hypoxia.

In these experiments severe hypoxia

in the presence of a low (H+) was not associated with a pulmonary pressor
response.

However,

the pulmonary vasculature was extremely sensitive to

hypoxia if the (H+) was elevated.
Rudolph and Yuan in

1966^ investigated the effects of varying degree

of hypoxia and (H+) upon the pulmonary vasculature of the newborn calf.
They describe

e relationship between pH level and response "to hypoxia and

correlated these changes with alterations in pulmonary vascular resistance
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These experiments and countless others have approached the subject
of vasomotion and its control in the pulmonary vasculature from a variety
of viewpoints.
types.

In general the experiments have been, of three basic

Observations have been made either in the pulmonary circulations

of anesthetized mammals, in isolated lung preparations, or in patients
with pulmonary disease.

Each of these models is in some way artificial,

and therefore fraught with potential errors.
The effects of anesthesia upon reflexes and vasomotor responses hav 0
been the subject of considerable debate, and the issue is far from
resolved.

Thilenius1 <J demonstrated that the response of unanesthetized

dogs to acute hypoxia could be altered by anesthesia and suggested that
variability in results from various laboratories might be caused by
different types and levels of anesthesia.

Buckley‘S found that the mode S *v

increase of pulmonary vascular resistance in response to hypoxia was
augmented by i^O anesthesia and abolished by halothane.

The use of

isolated lung perfusion preparations similarly involves many sources of
error.

Fishman

46

points out that while such experiments allow for precise

control of a large number of parameters, many artefacts are introduced due
to the severing of nerve fibers, the use of non-physiological perfusates,
and the deterioration-of the heart and lungs.
Experiments involving cardiac catherization of patients are subject
to criticism on several accounts.

The anxiety patients experience antici¬

pating cardiac catherization and the cooperation necessary during the
procedure are frequently productive of artefacts.
however,

Perhaps more important,

is the fact that indirect methods of obtaining data must be used.

These usually include substitution of pulmonary artery wedge pressure for

left atrial pressures, and the use of the Pick method or dye dilution
studies in the determination of cardiac output, rather than the generally
more accurate measurements which can be obtained with an electromagnetic
flow probe or the rotameter.
It is regrettable that the ideal experimental preparation has not
yet been developed that will allow for precision of control and measure¬
ment without disturbing the normal physiology of the pulmonary vasculature
The previously reported studies often are lacking in various important
facets of experimental design.

New techniques may obviate some of these

problems and provide a preparation which approaches more closely the
ideal.

It is hoped that the methods and. procedures used in this investi¬

gation are a step in that direction.
The goals in initiating the present investigation were several:
l) to perform a qualitative and quantitative study of the effects of
hypoxemia and acidemia as individual stimuli upon pulmonary arterial
pressure, pulmonary vascular resistance, perfusion pressure, and left
atrial pressure; 2) to determine the effects of acidemia and hypoxemia as
combined stimuli upon the pulmonary vasculature;

3) 'to determine the

effects of sympathetic stimulation upon the pulmonary vasculature.

The

experimental preparation and procedure were designed, to provide a means
of obtaining pulmonary pressure flow curves under a variety of conditions,
and to provide a means of controlling and continually monitoring the
following parameters:

Page
1)

Temperature

2)

Systemic arterial pressure

3)

Systemic arterial Pq^

4)

Systemic arterial pH

5)

Cardiac output

6)

Respiration

5.

!

In addition the following parameters were continually measured:
1)

Pulmonary arterial pressure (pulsatile and mean)

2)

Left atrial pressure (pulsatile and mean)

3)

Heart rate
Hematocrit was routinely measured periodically during the course

of the procedures.
While this preparation was designed to be carried out in anesthetized
adult cats, and suffers the possible disadvantage of anesthesia,,
advantages are numerous.

its

Of great importance is that the study was con¬

ducted with an intact pulmonary vasculature.

Secondly, by means of a

direct approach exposing the heart, lungs, and great vessels it was possible
to obtain precise and direct measurements of pulmonary arterial and left
atrial pressures simultaneously with cardiac output.

Also systemic

arterial pressure and cardiac output could be regulated, as desired,
allowing for reproducible pulmonary pressure-flow curves.

Finally, the

use of the Jewett flow-through electrode assembly allowed continuous
recordings of arterial pH and Pqo.

This provided a new degree of reliable

monitoring and control of oxygen tension and (H+) throughout the course of
an entire experiment, and over the range of hypoxemia and acidemia studied.

Page 6.

II,

PREPARATION
The experimental preparation, was designed so that pressure-flow

curves of the pulmonary circulation could he obtained.

This entailed, an

open-chest preparation with monitoring of pulmonary artery, loft atrial
and systemic pressures, as well as cardiac output.

By means of increasing

or decreasing venous return to the right side of the heart,

cardiac, output

could be varied and thus., pressures at. various flew rates were ascertained.
It was then possible to calculate pulmonary vascular resistance and plot
pressure-flow curves.

The preparation used to study the effects of sym¬

pathetic stimulation on the pulmonary vasculature was similar in design,
however,

it included separate perfusion of the animal's central nervous

system.
The experimental animal chosen for these investigations was the adult
mongrel cat.

Animals were chose randomly without bias toward, age,

breed or docility.

sex,

Each experimental animal served as its own control,

thus eliminating bias in selecting the group of experimental and control
animals.

Important in the selection procedure was the animal's weight

and the presence of obvious respiratory disease.

Cats were selected

that had a minimum weight of at ]east five pounds (2-27 kgs) and maximum
weight of nine poinds because of the rough correlation of the animal's
size (weight) and size of the great vessels which were to be cannulated.
Animals with grossly apparent respiratory illness were rejected, as were
animals discovered to have pulmonary disease after thoracotomy.

For

each experimental animal, at least two and usually three animals were
used as donors In order to obtain blood, for the extracorporeal circuit, to be
described in detail subsequently.

These animals were also selected randomly.
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Donor animals were anesthetized, with an intraperitoneal (IP)
injection of pentobarbital (25 mg/kg) or thiopental (27 mg/kg).

Cannula-

tion of a femoral artery was quickly performed, and the animals were
then heparinized (10 mg/kg).

A variable amount of 5$ dextrose in 0.9$>

saline was then infused slowly and the animal was allowed!to stabilize
briefly, after which it was allowed to hemorrhage into a clean beaker.
The hematocrit of this blood was determined, and blood with a hematocrit
of less than 25$ was not used in the experiment.

The doner blood was

then kept at 37°^in a water bath until used.
Cats for the experimental preparation were anesthetized with IP
Diabutal (pentobarbital) in studies of acidosis and hypoxia, and with IF
thiopental (25 mg/kg)

supplemented with intravenous alpha-glucochloralase

(15-25 mg/kg) in the studies of sympathetic stimulation.

.

With the cat in a supine position the femoral arteries and veins
were exposed, ligated distally and cannulated with polyethylene tubing
which had been primed with heparinized saline.

With, the neck fully ex¬

tended a midline incision was made from the thyroid cartilage no the supra
sternal notch.
laginous rings.

The trachea was exposed and incised between the carti¬
A large bore "T" shaped tracheostomy tube was inserted

and doubly tied into place.

One limb of the tube was connected to a

valve and the other was left patent for spontaneous respirations.
The skin was incised in the midline the full length of the sternum
and continued to the left along the costal margin to the angle of the ribs
The skin and subcutaneous tissue were bluntly dissected from the thoracic
musculature and hemostasis was achieved with light ligatures.

A midline

incision of the muscles extending the length of the sternum was then mo.de
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and the thoracic cavity was entered.

immediately

The animal’s tracheostomy tube was

connected to a harvard respirator and positive pressure

ventilation continued for the duration of the experiment.

Stroke volume

was set to achieve expansion of the lungs to the limits of the thorax,
and respiratory rate was arbitrarily set to maintain arte.Hal PcOp a't
values less than 30 mm. Eg.
through the manubrium.

The sternum was then split from the xiphoid

The internal mammary arteries were isolated,

doubly ligated and bisected.

The left ribs (1-10) were doubly ligated

and resected close to the vertebral column.

'The left pulmonary ligament

was incised and the left lung was wrapped in a warm saline-soaked gauze
and retracted to the right side.

The descending thoracic aorta was fully

visualized and the pleura covering it was incised longitudinally.

The

intercostal arteries (2-10) were ligated, with 3-0 silk, and. the left lung
was allowed to re-expand.

A.

ACIDEMIA
In the study using acidemia as a stimulus, the procedure continued

as follows:

The pericardium was incised and pushed posteriorly.

With

minimum dissection the main pulmonary artery was separated from the
aorta and the electromagnetic flow probe was placed about the root of
the aorta, taking care to avoid compression of the coronary arteries.
The animal was then given heparin (10 mq/kg).
aorta was clamped proximally and distally,
with the

extracorporeal circuit (Fig. l).

The descending thoracic

incised and doubly cannulated
Systemic arterial pressure

could then be regulated within 1 mm Hg by means of a contrclable constant
pressure resevoir in the extracorporeal circuit.

A small tributary of the

Page 9superI02 reus, cava was cannulated with the venous return line from the
aortic loop.

A Saras occlusive variable speed pump was used to systemati¬

cally increase the venous return to the heart, and thus regulate cardiac
output.

The left atrium was subsequently cannulated with a flanged

polyethylene cannula and connected to a Sanborn transducer.

A purse

string suture was placed in the right ventricular myocardium, which was
then incised and a small gauge (P.E. 190) cannula was threaded through
the outflow tract into the proximal portion of the main pulmonary artery.
Pulmonary artery, left atrial and aortic pressures could tnen be measured
with Sanborn transducers and recorded with a Sanborn 350 Direct Write
Out Recorder.

Heart rate was monitored with a Sanborn Cario-Tach by

counting the pulmonary pulse wave frequency.

Cardiac output, minus cor¬

onary flow was measured with the electro-magnetic flow r^robe and con¬
tinuously recorded on the Sanborn direct writer.

An arterial line from

the aortic loop was connected to a Jewett flow-through electrode assembly
which provided continuous measurements of pli and Pq^.

B.

HYPOXEMIA
The initial experiiaents investigating the effects of hypoxemia were

performed with the same experimental preparation outlined above.

The

remainder of these experiments were performed with a slightly different
preparation.

After the intercostal arteries were ligated the left lung

was allowed to re-expand.

With minimal dissection the brachiocephalic and

left subclavian arteries were isolated.
the root of the great vessels,
not used.

There was no dissection about

and the electro-magnetic flow probe was

The animal was heparinized (10 mg/kg) and clamps were placed
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on the thoracic aorta proximity and distally.

The aorta was incised;

double cannulated and the aortic damps removed.

Flow was then established"

through the extracorporeal, aortic loop in the proximal limb of which was
a Shipley-Wilson rotameter for continous measurement of cardiac output.
The brachiocephalic and left

subclavian arteries were then ligated;

thus eliminating perfusion of the brain and diverting the entire cardiac
output (minus coronary flow) into the aortic loop and through the rota¬
meter.

A venous return line and left atrial cannula were placed as

described before.
A number 20 gauge needle with a polyethylene guard was then placed
through the wall of the main pulmonary artery and connected to

a

Sanborn transducer thus providing accurate pulmonary arterial pressure
traces.

Again the Jewett flow-through assembly was connected to an

arterial line from the extracorpeal loop; and the flow returned to a
femoral vein.

C.

SYMPATHETIC STBIUIATION
The preparation designed to study the effects of sympathetic

stimulation upon the pulmonary vasculature entailed producing intermittent
CM3 ischemia with a consequent autonomic discharge.

The preparation was

similar to those previously described with the exception that the braciocephalic artery was ligated, proximally and cannulated distaliy with a line
from the extracorporeal a.ortie loop.
air embolization at the time of

Great care was exercised to avoid

cannulation.

to perfuse the brachiocephalic vascular bed7
mean pressure.

A Sigmamotor pump was used
including the CM3; at 100 mm Kg

The left subclavian artery was again ligated leaving the
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brachiocephalic artery as the predominant,
CNS perfusion.

if not exclusive,

source of

A venous return line was again connected from the aortic

loop to a tributary of the superior vena cava.

Left atrial, pulmonary

pressures and cardiac output were measured as described in the hypoxemia
preparation.

Aortic and brachiocephalic pressures were measured by means

of a large bore needle threaded through the wall of the polyethylene
tubing of the proximal limb of the aortic loop and the branciocephalic
perfusion line.

The Jewett flow-through assembly was again connected

to the aortic loop and femoral vein,(Fig. 2).

III. PROCEDURES

Immediately upon completion of the above preparation, the experiment
procedure was begun.

Sanborn transducers, calibrated against a. mercury

manometer, were placed at the level of the animal's right atrium and
used at an attenuation most appropriate for the pressure to be measured.
The sensitivity of each channel of the recorder was then adjusted using a
standardized internal calibration signal corresponding to a predetermined
number of millimeters of mercury.
means of a thermistor,

Rectal temperature was monitored by

calibrated with a mercury thermometer, and was

regulated by means of both local heat applied by means of a heating
blanket beneath the animal, and by means of heat exchangers surrounding
the tubing of the extracorporeal circuit.

Respirations, which were

initially spontaneous, were regulated by means of a Harvard positive
pressure respirator after the thoracotomy had been initiated.

Electro¬

magnetic flow probes and the Shipley-Wilson rotameter had been calibrated
and were balanced immediately prior to initiating the experiment.

The
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animal was -then allowed tc stabilize and the aortic pressure was regulated
to a mean of 100 mm Hg.

Prior to beginning the data collection, blood

gases, hematocrit and temperature were determined and adjusted.

A,

ACIDEMIA ADD HYPOXEMIA
Tne data needed for the pressure flow curves were collected in the

following manner.

Each flow point on the pressure flow curve was evalu¬

ated for the pulmonary a.nd left atrial pressures under control conditions,
i.e., pH 7.35 to 7.7-5 and Pq0 more than 100 mm Hg.

By increasing the

venous return to the right side of the heart in increments, the pulmonary
flow was increased in a closely controlled fashion.

High speed pressure

and. fJ.ow tracings were recorded with each flow increment, and both mean
and pulsatile values were compiled.

Following the completion of the

pressure-flow curve, the cardiac output was returned tc the control level
and arterial gases were again measured.

Acidemia, hypoxemia or both

were initiated in a controlled manner with constant monitoring of pH,
P0p and Dq0^•
Metabolic acidemia was produced by infusing 1 N lactic acid with a
Harvard, constant infusion pump until the desired. pH was obtained.

The

acidemia could, subsequently be corrected by similar infusions of sodium
bicarbonate (47.6 mEq/cc).

Arterial Pr

-was regulated by stepwise admix-'

ture of 951 Op or 100% Np to the inspired room air.
admixtures permitted maintenance of arterial
prolonged periods of time.

Vq

Fine control of such

at. any desired level for

With the experimental conditions established

and stable, another pressure-flow curve was obtained as was previously
described.

The experimental conditions that had prevailed throughout the
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course of the pressure-flow measurements vere then reversed, and upon re¬
establishment of stable control conditions, a third pressure-flow curve
was obtained.
Of importance is the fact that subsequent to each adjustment of
cardiac output, the flow was allowed to stabilize and the)lungs were
allowed to passively deflate for approximately one cycle prior to, and.
during the period in which each point of the pressure-flow curve was
obtained.

The presence of gross pulmonary edema, atelectasis, or

irreversibility of the pressure-flow curve to the previous control level
heralded the termination of the experiment.

Any data which had been

obtained under such conditions were considered invalid.

3_._SYMPATHETIC STIMULATION
The procedure used for the study of the effects of sympathetic
stimulation was carried out somewhat differently than that outlined above
In these studies after the establishment and control of basal conditions
were achieved the preparation was assessed to determine whether or net
it was reflexic.

CNS ischemia was induced by shunting the blood from

the brachiocephalic perfusion line to the venous return line without
changing cardiac output or systemic pressure.

The resultant autonomic

discharge caused initial bradycardia, followed by a tachycardia.

An

increase in peripheral vascular resistance was indicated by a decrease
in systemic flow and an increase in pressure as well as an increase in
systemic pulse pressure.

Tracings were obtained in all instances after

a 90 second period of CHS ischemia, an interval which proved to provide
a maximal stimulus as reflected in the above parameters.

Animals that

Page
■were areflexic were eliminated from the study.

14.

Areflexia could be attri¬

buted to faulty technique in the great majority of cases.

Reflexic

animals were then given atropine, 1 mg IV, and parasympathetic block: was
considered established when a subsequent episode of transient CNS ischemia
■

produced no bradycardia, but only a tachycardia.

The data collection was carried out in the following manner.
each level of flow three tracings were obtained:

For

l) a control tracing

taken when CNS perfusion was intact and blood gases were stable at control
levels; 2) following 90 seconds of CITS ischemia;

3) after CNS perfusion

was re-established and cardiac rate and systemic pulse contour had
returned to baseline conditions.
and the sequence repeated.
were obtained together.

Cardiac output was then increased

In this manner, three pressure-flow curves

As in the experiments designed to study hypoxemia

and/or acidemia, pH, Pq , temperature and aortic pressure were controlled
at all times.

In these experiments, also, after each adjustment of

cardiac output, flow was allowed to stablize and the lungs allowed to
passively deflate for approximately one cycle prior to and during the
recording of each point of the pressure-flow curve.
interval following the transient episode of ischemia,

If in the control
the conditions

induced by ischemia were irreversible, or if pulmonary edema, atelectasis,
or areflexia had occurred, the experiment was terminated and the data
obtained were considered invalid.

The observed hemodynamic changes were

attributed to the sympathtic nervous system if upon completion of pressureflow studies the infusion of TEAC (100 mg) blocked, the tachycardia, peri¬
pheral resistance and. pulse pressure changes that were previously noted
during CNS ischemia.

Page
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Upon completion of data collection, all experimental animals were
sacrificed prior to regaining consciousness.

The position and patency

of all cannulas was then ascertained and the pressure transducers were
re-calibrated.
Throughout the course of all experiments arterial pH and Pq

were

continually monitored hv means of a Jewett flow through, device which
contained Beckman pH and

electrodes...

Values obtained with this

°2
assembly were frequently checked with simultaneous arterial samples used
for measurements of pH, Pqand Pqq^.

Apparatus for these measurements

were a Beckman Model l60 pH meter and the Instrumentation Laboratory
Model 113

Pq. , Pqqp gas analysis system.

pH standardization wa.s achie^veo

using certified precision buffer solutions with checks within 0.01 pH units
Pq^ and PpQ0 electrodes were calibrated against known gas mixtures analyzed
by the micro-Scholander method with agreement on Pq^ of - 1 mm Ilg at room
air concentration, and Pqq

values of - 1 inm Hg over a range of 10-66 ram

?C02'
All measurements were recorded on a Sanborn 35:A direct writing
recorder.

The data obtained from these measurements permitted the con¬

struction of pressure-flow curves relating cardiac output (CO)

to pulmonary

arterial (PA), left atrial (LA) and net perfusion pressures at a constant
v

mean aortic pressure (AOP).

Pulmonary vascular resistance (FAR) was

calculated according to the formula:
Units.

PA-LA/flow (L per min) = Resistance

Data obtained according to the above manner were then compiled

for analysis.
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Pig. 1 Schematic drawing
of cat heart-lung preparation designed' for
measurements of pulmonary pressure-flow curves.
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Fig. 2 Schematic drawing of cat heart-lung preparation with separate
perfusion of the central nervous system.
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IV.
A.

RESULTS
ACIDEMIA
Data are presenter from a series of eight technically successful

preparations in a total of eleven.

An additional 22 cats were used as

donor animals to provide priming blood for the extracorporeal circuit.
1.

EFFECTS OF METABOLIC ACIDRIA ON HEAP PULMOMPY AP.TFHY PRESSURE
The reduction of arterial pH from a control at pH 7-dO by infusion

of 111 lactic acid was associated with a shift of the pressure-flow curve
toward the pressure axis in all preparations.

Throughout the range of

cardiac outputs achieved, the pulmonary pressure for a particular flow
was increased during acidemia as compared to the control values at pH

J.kO.

For a greater degree of acidemia the magnitude of the change in the pressureflow curve was found to increase.

Similarly, upon correction of the

acidemia by infusion of sodium, bicarbonate until a pH of '7.40 was achieved,
the mean pulmonary arterial pressure was found to return to the original
control value for a particular flow.

A representative example of such a

change in pressure-flow curves is shown in Figure 3-

The reversibility

of these changes was clearly demonstrated by the return of the control
curve to its original position.

The arterial oxygen tension recorded

during the course of. the above experimental procedure 'was greater than
.100 mm Hg and the animal temperature was constant at 36.5° 7.

The mean

aortic pressure was maintained constant at 100 mm Hg.
2.

EFFECTS OF METABOLIC ACIDEMIA ON LEFT ATP1AL- PRESSURE
Left atrial pressure-flow curves were practically identical whether

the animal was at control or acidemia pH values.

Figure

k

shows the
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left atrial pressure-flow curves for the experiment referred to in Figure 3
and demonstrates the relationship of the curves during both control and
acid conditions.

Upon examining the data from the entire group it was

found that the LAP for a particular flow remained unchanged or decreased,
slightly from control during acidemia, but the magnitude of such changes
was small.

In most instances the mean LAP for a particular flow remained

within .1 mm Big of the value obtained during the previous control curve.
3-

EFFECTS QF ACI.UBMIA ON PERFUSION PRESSURE (PA-LA)
Since the LA pressure-flow carve was found to remain quite stable

during the course of control and acidemic conditions, the relationship
of perfusion pressure (PA-LA) to flow is of course similar to that of
PAP to flow.

Throughout the range of cardiac outputs achieved,

the per¬

fusion (PA-LA) for a given flow (C.C.) was increased during acidemia
when compared to control, values obtained at pH

7*35-7*A.5-

Again upon

correction of the acid.eniia, perfusion pressures returned to the previous
control value.

Figure A depicts changes in the perfusion pressure-flow

curves for the same experiment.

An increase in perfusion pressure for a

givenflow during acidemia was uniformly found in all experiments.
A.

EFFECTS OF ACIDEMIA OF PULMOHART VASCULAR RESISTANCE (PVT?Q
Pulmonary vascular resistance was calculated according to the formula

PA -LA
—nirl x 1000 = Resistance Units.
flow

mm

Hg/L/min.

As shown in Figure

Resistance units were then in terms of

A,

when flow (C.O.) on the ordinate is

plotted against resistance (PVR), a shift of the curve to the resistance
axis was found during acidemia compared to control values.

Hence,

there

was an increased vascular resistance for a given flow during acidemia.
More Severe degrees of acidemia resulted in greater shifts of the curve
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to the right (Fig.

5)-

If pulmonary perfusion pressure (PA-LA) was

plotted against resistance, the curve again was found to shift to the
resistance axis during acidemia.

An increased vascular resistance for .a

given perfusion pressure was observed during periods of acidemia, and
therefore the amount of blood flow that could perfuse the lungs at a
given perfusion pressure was decreased druing acidemia.
The original traces from a typical experiment, of this series are
shown in Figure 6.
pH J.k6.

The tracings in the control panel were obtained at

The pH was then reduced by a slow infusion of IN lactic acid.

The tracings in the middle panel were obtained, at pH J.ll, and those in
the right panel were obtained at pH 6.96.

With mean aortic pressure held

constant and at the same cardiac output, the mean PAP was increased as
a consequence of acidemia.

The greater the magnitude of the acidemia

the greater was the increase in mean PAP.

The mean left atrial pressure

was unchanged by the acidemia,

5.

STATISTIC 1L ANALYSIS--ACIDSMA
When comparing pressure-flow curves obtained from different animals

it is imperative to select a means of standardization,
denominator.

in a sense a, common

In the analysis of the data which follows, pressures were'

taken from the pressure-flow curves at a flow rate selected according to
the body weight of the animal in kilograms.

The cardiac output per kilo¬

gram ratio was selected as that ratio which, when applied to all pressure
flow curves, was within range of flow of the majority of the curves and
which would therefore require the least number of extrapolations.
Accordingly, a flow of 125 ml/kg was selected as the cardia.c output at
which pressures would he compared on the pressure-flow curves.
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In Table 1 all data from the acidemia experiments have been compiled.
Of note, the mean PA pressure during acidemia (ptl 6.86-7*25) was 25.3
mm Hg "with a standard error cf 1.07, as compared with the mean PA
pressure during control periods (pH 7*35-7*15) of 19*5 mm Hg with a
standard error of 0.6l.

In the column aPA of Table 1, the (FA acidemia)

minus (PA control) was determined for each experimental curve and the mean
change in PA (aPA) pressure was calculated to be 5*8 mm Hg with a standard
error of 0.77.

When the data for mean PA pressure during acidemia and

control periods was subjected to a "t" test the value p<.001 was obtained,
and the two groups therefore were considered significantly apart.
The mean LA pressure during acidemia was 6.7 rnm Hg with a standard
error of 0-53 as compared to the mean LA pressure during control periods
of 6.3 mm Hg with a standard error of 0.76.

The two groups were not

significantly different (.9>p<*8).
The results obtained for perfusion pressure (PA-LA) paralleled that
of PA pressures.

The mean PA-LA during acidemia was 18,9 mm Hg with a

standard error of 1.17, as compared with a mean PA-LA during control
periods of 13*1 with a standard error of O.78.

In the column aPA-LA of

Table 1, the (PA-LA acidemia) minus (PA-LA control) was determined for
each experimental curve and the mean APA-LA was calculated to be 5*7 mm Hg
v

with a standard error of O.76.

The data comparing FA-TA during acidemia,

with control periods were significantly different (p <.00l).
are depicted in Figure

These finding

J.

The range of acidosis in the eight experiments under discussion was
from pH 6.86 to pH 7*25*

As was previously mentioned,

it was repeatedly

found that an increasing degree of acidemia produced a greater magnitude
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of response in the pulmonary vasculature as reflected by the pressureflaw curves.

Therefore, the data obtained vas arbitrarily subdivided into

two groups as follows:

l) pH 7-16-7-25 and 2) pH 6,86-7-15-

analysis of these data was then carried out,

Statistical

comparing each of these

two groups with control, and then comparing the groups with! each other.
These data are presented in Table 2.
MODERATE ACIDEMIA (pH 7-16-7-25)
In five animals a. total of six pressure-flow curves were obtained
during conditions of moderate acidemia.

Of note,

the mean PA pressure

during acidemia was 24-7 mm Hg with a standard error of 1.37> as compared
to the mean pressure during control periods of 15-5 mm Hg with a standard
error of 0.6l.
of O.96.
(p <.00l).

The calculated mean APA was 3-9 mm. Hg with a standard erro

These two groups were considered to be significantly apart
The mean LA pressure during acidemia was 5-9 ram Hg with a

standard error of O.56 as compared to a control LA pressure of 6.3 mm Hg
with a standard error of 0.46.

These values were not considered to be

significantly apart (.7>p<-5)-

The pulmonary perfusion pressure (PA-LA)

during acidemia was 18.8 mm Hg with a standard error of 1.79 compared to
control PA-LA of 13-1 mm Hg (S,E. = .78).

These values were considered to

be significantly apart (p <.00l).
SEVERE ACIDEI.HA (pH 6.86-7-15)
In seven animals a total of twelve pressure-flow curves were obtained
during periods of severe acidemia.

The mean PA pressure was 25-6 mm Hg

with a standard error of 1.48 as compared to the mean PAP control of
19.5 ram Hg with a standard error of 0.6l.

The mean ^PA was calculated

)

to be 6.7 ram Hg with a standard error 0.91-

The values for PAP acidemia
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were considered significantly apart from PAP control (pc.OOl).

The mean.

IiA pressure during acidemia was 6.7 mm Hg with a standard error of 0.75
as compared to the LAP control of 6.3 mm Hg with a standard error of
0.46.

PA-LA pressure

during acidemia was 18.9 mm Hg. with a standard

error of I.56 as compared to PA-LA control of 13*1 mm Hg with a standard
error of 0.78.

The mean a PA-LA. was calculated to he 6.4 mm Eg with a

standard error of 1.02.

The PA-LA acidemia was considered to he signifi¬

cantly apart from PA-LA control (pc.OOl).
COMPARISOH OF MODERATE AHD SEVERE ACIDEMIA
The mean PAP during severe acidemia was 25.6 mm Hg compared to the
PAP during moderate acidemia of 24.7 mm Hg.

These two values were not

considered sign.ifica.ntly different (•9>P<<7)*

The average PA-LA with

severe acidosis was 18.9 mm Hg compared to the PA-LA during moderate
acidemia of l8.8 mm Kg.

A.gain these values are not significantly different

Figure 7 depicts the mean PA and PA-LA. pressures along with their
standard errors from the data on acidemia.
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PULMONARY

VASCULAR

RESISTANCE — mm Hg/L/min

Fig. 5 Pulmonary vascular resistance is plotted against ooth cardiac out¬
put and perfusion pressure.
Both curves are noted to shift toward the
resistance axis in a graded fashion in response to acidemia.
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Fig. 6 Original traces obtained from a cat showing the relationship of
PAP and LAP to flow (.0,0.) in response to varying degrees of acidemia.
Chart speed - 100 mm/sec.
At a constant aortic pressure and cardiac out¬
put, PAP rises progressively with increasing severity of acidemia with
no concomitant increase in LAP.
.

.
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Fig. 7 Bar graph depicts the mean. PA and PA-LA pressures along with their
standard errors during both control and acidemic conditions.
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B,

HYPOXEMIA
Data are presented from a series of fourteen technically successful

experiments in a total of eighteen.

Additionally,

36

cats were used as

donor animals to provide blood for the extracorporeal circuit.
1.

EFFECTS OF HYPOXEMIA ON MEAN FUU40NARY ARTERY PRESSURE (PAP)
Systemic arterial Pq0 was reduced from control levels cf >.100 mm Hg

to a range of 25-58 mra Hg by means of a gas mixing device which allowed
the addition of controlled amounts of Hg or 0g to the room air, thus
regulating the 0g content of the inspired air.

With this device it was

possible to maintain the animal's arterial PQg at any given level with
great accuracy.

The reduction of systemic arterial Pq

from control levels

of >1.00 m Hg by changing the inspired air 0g content was associated with
a shift of the pressure-flow curve toward the pressure axis.
the range of cardiac outputs achieved,

Throughout

the pulmonary pressure for a

particular flow was found to be increased during hypoxemia as compared
to control values.

This response occurred in all animals tested.

the response in some was far more striking than in others.

However,

Upon correction

of the induced hypoxemia by increasing the 0g content of the inspired air,
mean pulmonary pressures were found to return to the original control
values for a particular flow.

A..representative example of such a change

in pressure-flow curves is shown in Figure 8.
In several experiments arterial Pqo was brought to more than one
hypoxemia level.

For a greater degree of hypoxemia the magnitude of the

change in the pressure-flow curve was found to increa.se.

Thus, the mean

PA pressure for a particular flow was higher than the mean PA pressure
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during less severe hypoxemia.

Figure 9 shows a representative series of

pressure-flow curves in which two levels of hypoxemia were maintained.
During the course of all such experiments mean aortic pressure was main¬
tained. constant at 100 mm Hg and animal temperature was maintained
between
2.

3^*5° C and 37-5° C.

EFFECTS OF HYPOXEMIA OH LEFT ATRIAL PRESSURE (LAP)
Left atrial pressure-flow curves during hypoxemia were practically

identical to those obtained during control period (Pn

>

100 mm Hg).

°2
Left atrial pressure varied during hypoxemia,

sometimes to lower than

control values, occasionally to higher than control values.

However,

all such changes were small from -1.2 mm Hg to +1.6 mm Kg from control.
Figure 10 shows left atrial pressure-flow cuves for the same experiment
depicted in Figure 9-

The IA pressure for a particular flow was essential!

identical during hypoxemia, a,nd control periods.
3.

EFFECTS OF HYPOXEMIA ON PERFUSION PRESSURE (PA-LA)
When perfusion pressure-flow curves were plotted,

they closely

resemble the pulmonary artery pressure-flow curves previously presented.
Throughout the range of cardiac outputs achieved, the perfusion pressure
(PA-LA) for a given flow (C.C.) was increased during hypoxemia as compared
to control values obtained at P

>

100 mm Hg.

Again, upon correction of

hypoxemia, perfusion pressure returned to the previous control values.
Figure 10 depicts the changes in the perfusion'pressure-flow curves for
the same experiment depicted in Figure 9-

An increase in the perfusion

pressure for a given flow during hypoxemia was uniformly found in all
experiments.
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h._EFFECTS

OF HYPOXEMIA. ON HJLMQMRY VASCULAR RESISTANCE

Pulmonary vascular resistance 'was calculated as indicated above.
When flow was plotted against resistance a shift of the curve toward the
resistance axis was found during hypoxemia as compared to control.

Thus,

there was increased vascular resistance for a given flow during hypoxemia.
Similarly if perfusion pressure (PA-LA) was plotted against resistance,
this curve also shifted toward the resistance axis during hypoxemia as
compared to control.

Thus, there was an increased vascular resistance

for a given perfusion pressure during the periods of hypoxemia, and the
amount of blood flow that could perfuse the lungs at a given perfusion
pressure was decreased.
The original traces from such an experiment are shown in Figure 11.
The tracings in the control panel were obtained at pH 7*3^- and pQp l48.
The tracings shown in the middle panel were obtained at pH 7,40 and Pq^ 30*
The mean aortic pressure was held constant at 100 nun Hg and the animal
temperature was 37° C.

At the same levels of cardiac output, the mean

PAP is increased during hypoxemia.
cardiac output did not change,
5.

The mean LA pressure for the same

however.

STATISTICAL ANALYSIS--HIT0XE1IA
In an effort to standarize the data, pressures were taken from the

pressure-flow curves at a flow rate of 150 ml/kg/min as described above.
In Tabel 3, all data from the hypoxemia experiments have been compiled.
The mean PA pressure during hypoxemia was found, to be 20.6 mm Hg (S.E. O.83), as compared to a mean PA pressure during control periods of 17*3
mm Hg (S.E. = 0,6j).

In the column APA of Table 3; the PA hypoxemia minus

PA control was calculated to be 3*^ mm Hg (S.E, - 0.43)*

When the data
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for mean PA pressure during hypoxemia and control periods was subjected
to a "t" test, the p value

<.0G1 was obtained,

confirming that the two

groups are significantly different.
The mean LA pressure during hypoxemia was 5*2 mm Hg (S.E. = Q.3°).»
as compared to a mean LA pressure during control periods of ji.O mm Eg
(S.E. = 0.35)*

These values were not significantly different (-7>P<-5)-

As would be expected the data obtained for perfusion (PA-LA) pressures
paralleled that concerning PA pressures.
was 15«5 mn Eg (S.E. = 0..72).
12.3 mm Eg (S.E. = O.58).

The mean PA-LA during hypoxemia

The mean PA-IA during control periods of

In the column aPA-LA of Table 3, the (PA-LA

hypoxemia) minus (PA-LA control) was calculated for each curve and the
mean aPA-LA was calculated to be 3-2 mm Eg (S.E. = 0.45).

When the data

was subjected to the "t" test the value p<.001 was obtained,
that the two groups are significantly apart.

confirming

Figure 12 depicts the mean

PA and PA.-LA pressure changes with the standard errors from the data
on hypoxemia.
While it remains true that a more severe level of hypoxemia was
associated with an increased magnitude of response as seen in individual
experiments,

it was not possible to divide the data into groups representing

different levels of hypoxemia.

This may be a reflection of the fact that

the level of hyooxemia in the majority of experiments was between v

30-45-

u2
Few experiments were conducted at more extreme levels of hypoxemia.
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Table

3

DATA AND STATISTICAL ANALYSIS
Values from Pressure Flow Curves at 150 ml/kg Flow
_

CONTROL______

ANIMAL

C.O.

C-l

462
462
546
546
546
410
410
4io
4io
4io
410
4io
4l0
4-35
435
4-35
435
^35
410
435
^35
4io

C-2
C-3
C-4
C-5

—

C-7
C-8
c-9
c-10
c-11
c-12

•

Mean
PA

(H.4)
(11.1:)
(18.9)
18.2
l6.4
15.2
15.4
15.9
(22.4)
15.9
15.3
19.9
19.8
12.0
14.0
13-2
16.7
16.7
22.3
16.0
l6.4
23.2

HYPOXEMIA_

LA

PA-LA

PA

5.45.4
2.3
2.8
3*3
3.6
5-3
3.8
(4.6
3.0
3.7
4.9
4.8
212
3-7
4.9
6.5
6.5
7.0
4.7

6.0
6.0
16.6
15 - 4
13-1
11.6
10.1
12.1
17-8
12.9
11.6
15.0
15.0
9-8
10.3
8.3
10.2
10.2 ■
15-3
11-3
11.5
17-2

15.6
(21.1)
(20.6)
20.4
21.0
15-9
17-3
19-1
25-5
17-1
17-4
23-5
(22.9)
17-0
16.0
l6.4
18.1
19-3
(27-9)
19.2
(27.0)
27.0

4.9

6.0

LA

6.5
4.8
3.3
3-5
3-3
3-4
4.6
3-3
4.5
4.0
3-4
6.5
5-9
3-2
3-3
3-7
6.5
6.5
6.4
5.0
4.3
5-7

_A

PA-LA

APA

9-1
7-3
17-3
16.9
17-7
12.5
12.7
15.8
21.0
13-1
14.0
17.0
17-0
13-8
12.7
12.7
11.6
12.8
21.5
14.2
22.7
21.3

4.2
0.7
1.7
2.2
4.6
0.7
1.9
3.2
3-1
1.2
2.1
3-6
3-1
5.0
2.0
3.2
1.4
2.6
5-6
3.2
10.6
3-8

3-1
1-3
0.7
1*5
4.6
0.9
2.6
3-7
3-2
0.2
2.4
2.0
2.0
4.0
2.4
4.4
1.4
2.6
6.2
2.9
11.2
4.1

nPA-LA

DATA OF PREPARATION WITH PERFUSION CNS

Mean
Standard. Deviation
Standard Error
Data Rang;e Lot
High
"T" Test

466.5
17-3
3.47
.67
11.4
23.4

135-6
5.0
1.82
-35
2.2
9-7

12.7
11.0
12.7
13-5
13-7

24.0
25.9
19-9
(25-7)
(25.6)

6.0
7-0
5.0
(9-4)
(10.7)

18.0
18.9
in. 9
16.0
15-2

6.0
7-9
1.9
2.9
2,2

5-3
7*9
2.2
2.5
1.5

330.9

447.1

139-4

417-7

90.2

26.8

12.3

20.6

3-00

.58
6.0
17.8

4.29
.83
12.1
27.9

5.2
1.87
.36
3-2
10.4

15-5
3-72
.72
7-3
22.7

pc .001

pc .5

0

Total
n

18.0
5-3
18.. 0
7-0
18.0 > 5-3
9.0
(22.5)
(23.4) (9.7)

0
}_
1

A-9
A-l6

4io
4io
4io
4-35
435

5?

A-8

3-4
2.21
-43
^

7

10.6

3-2
2.36
>5
.2
11.2
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Fig. 8 Pulmonary artery pressure-flow curves showing a shift of the curve
toward the pressure axis in response to hypoxemia, acidemia and a combination of
both hypoxemia and acidemia.
Reversibility of this effect is shown by the
virtually superimposed control curves obtained throughout the experiment.
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Fig. 9 Pulmonary artery pressure-flow curves depicting a graded shift of
the curve toward the pressure axis in response to increasing severity of
hypoxemia.
I
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Fig. 10 Left atrial pressure-flow curves did not shift in response to
hypoxemia and are shown virtually superimposed.
Perfusion (PA-LA)
pressure-flow curves paralleled the pulmonary artery curves and shifted
to the pressure axis in response to hypoxemia.

Page 39-

CAT Ns C-5
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pH 734

pH 740
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Pig. 11 Original traGes obtained from a cat showing the relationship
The tracings
of PA? and LAP to Plow (C.O.) in response to hypoxemia.
in the third panel were obtained during s imultaneous hypoxemia and ac
emia.
Chart speed = 100 mm/sec.
Aortic pressure 100 mm Hg.
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Fig. 12 Bar graph depicts the mean PA and PA-LA pressures along with
their standard errors during both control and hypoxemic conditions.
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C.

HYPCXZ-IfA AID ACIDDIIA
Bata are presented from, a series of six experiments in which c omb i ned

hypoxemia and acidemia were studied.

ai e from the fourteen sue e. e ssful

I

preparations which comprised the previously noted hyp oxen ja study.

1. EFFECTS OF METABOLIC HYPOXE DA AID ACIDE :ela ::: id::
PRESSURE (PAP)
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3.
EFREMS 0? COMBINED HYPOXEMIA AID ACIDEMIA UPON PERFUSION PRES BUI I
Tpa-laT
Perfusion pressure-flow curves closely resemble the pulmonary artery
pressure-flow curves of Figures 13 and l4.

Throughout the range of

cardiac outputs achieved, the perfusion pressure (PA-LA) for a given flow
(C.O.) was increased during periods of combined hypoxemia and acidemia as
compared to control values.

This response was found "uniformly in all

animals and was entirely reversible.

4.
EFFECTS ■ OF COMBINED HYPOm iLA AIED ACIDS HA ON PULMONARY VASCULAR
RESISTANCE (p'/R)
Pulmonary vascular resistance was calculated as previously indicated.
When flow (C.O.) was plotted against resistance,

a shift of the curve

toward the resistance axis was found during conditions of simultaneous
hypoxemia and acidemia as compared to the control.

Thus there was in¬

creased vascular resistance for a given flow (C.O.) during periods of
hypoxemia and acidemia as compared to the control.

Similarly, when

perfusion pressure (PA-LA) was plotted against resistance,

this curve

also shifted toward the resistance axis during periods of hypoxemia and
acidemia as compared to the control.

Thus, there was an increased

vascular resistance for a given perfusion pressure during simultaneous
hypoxemia and acidemia,

and therefore,

the amount of blood that could

perfuse the lungs at a given perfusion pressure was decreased.

A repre¬

sentative example of such curves is shown in Figure IS.
That these changes were reversible is demonstrated in Figure 16
which shows a sequential series oi pressure measurements for a given flow
from the pressure-flow curves of one experiment.

Both pulmonary artery

and perfusion pressure are represented graphically and it can be seen

Page 43that the effects of the combined stimuli wss far greater than the
of either hypoxemia or acidemia alone.

5.

STATISTICAL ANALYSIS—COMBINED H7P0XEI1A AND ACIDEMIA
In order to standardize the data,, pressures were taken from the

pressure-flow curves at a flow rate of 125 ml/kg/min.
In Table 4 all data from the simultaneous hypoxemia, and acidemia
experiments have been compiled.

The mean PA pressure during simultaneous

hypoxemia and acidemia was found to be 21.2 mm Hg (S.S.

=1.75) as compared

to a mean PA pressure during control periods of 15-9 mm Hg (S.E.

= 1.25).

In column A PA of Table 4, the PA during combined stimuli minus the PA
control was calculated for each curve.

The mean change in PA pressure

was calculated, to be 5*2 mm Hg (S.E. = 1.40).
PA pressure was subjected to a "t" test,

When the data for mean

the p value <.05 was obtained

confirming that the two groups are significantly different.
The mean LA pressure during stimulation with combined hypoxemia and
acidemia was 3-2 mm Hg (S.E. = 0.40) as compared to a mean LA pressure
during control periods of 4.3 mm Hg (S.E.
significantly different (pc.2).

= O.56).

These values are not

As would be expected the data obtained

regarding perfusion pressure (PA-LA) paralleled that concerning PA
pressures.

The mean PA-LA during simultaneous hypoxemia and acidemia

was l8.0 mm Hg (S.E. = 1-98) as compared to control perfusion pressure
11.7 mm Hg (S„E. -= 1.05).
(p<.02).

These values are significantly different

The (PA-LA stimulus) minus (PA-LA control) was calculated for

each curve and the mean &PA-LA was calculated to be 6.3 mm Hg (S.E. -- 1.47).
The data from the hypoxemia-acidemia experiments may be compared with
the data reported on hypoxemia as a single stimulus,

since all the data
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were obtained from different pressure-flow curves of the same experimen
preparations.
The control PA pressure for the combined stimuli was 15-9 nm Hg
(S.E. = 1.25) as compared to she control ?A pressure for the hypoxemia
experiments of 17*3 nn Hg (S.H.
The •
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= 0.67),

a difference of 1.4 mm Hg.
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able 4

DATA AID STATISTICAL AIULYSIS
Values from Pressure Flovr Curves at 125 ml/kg Pier.-.7
COME HIED ACIDEMLA & HYPOXEMIA
MEAN PRESSURE

CONTROL
MEAN PRESSURE
PA-LA

13-7

2-5

11.2

24.8

2.0

342

16.0

4.0

12.0

17-1

342

17.7

3-9

13-8

C-8

362

12.5

3-5

C-9

362

14.7

C-10

3^2

C.O.

C-2

453

c-5
C-7

.

Mean

PA

PA

LA

animal

LA

PA-LA

apa

apa-la

22.8

11.1

11.6

3.3

13.8

1.1

1.8

21.3

2.9

lc.4

3-6 .

4.6

9.0

17.8

3.0

14.5

5-3

5.8

6.c

8.7

13-3

5.0

13-3

3.6

4.6

2] .0

5-8

15.2

27.7

3.0

24.7

6.7

9-5

15-9

4.3

11.7

21.2

3-2

18.0

5.2

6.3

’

Standard Deviation

3-07 1.36

2.5o

4.29

•99

4.86

3.44

3-59

Standard Error

1.25

.56

1.05

1-75

.40

1.98

1.40

1.47

"T" Test

P <• 05 P <. 2

p <.02
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13 Pulmonary artery pressure-flcv curves demonstrating a shift of
the curve toward <^he pressure axis in response to hypoxemia as well as
to simultaneous hyDoxemis ar.d acidemia.
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Fig. 14 Pulmonary artery pressure-flow curves showing a shift of the
curve toward the pressure axis in response to either hypoxemia or acidemia.
Of note, the shift of the curve is greater in response to a combination of
hypoxemia and acidemia than in response to either stimulus alone.
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Fig. 15 Pulmonary vascular resistance is plotted against loth cardiac
output and perfusion pressure.
In both instances the curve shifts toward
the resistance axis in response to hypoxemia.
Of note, there is a greater
shift of the curve in response to simultaneous hypoxemia and acidemia than
in response to hypoxemia alone.
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Fig. lo Ear graph depicts mean PA and FApressures at a C.C.
kg/min. for a sequential series of rressur
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Of note, PA. and
PA-LA. pressures respond in a graded fashio
•c increasing degrees of hypoxemia. The PA ar.d FA.-LA pi'essures are else increased
increased in response to
acidemia.
Tee response to combined hypoxemic . and acidemia is greater than
that to either stimulus alone.
Reversibility of the response is shown
by the return co th baseline of the control curves.
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D.

SYIvPAPHETIC STT tiULATI0U
Data, are presented from a series of six technically successful

preparations in a total of twelve.

An additional thirty cats were used

as donor animals to provide blood for the extracorporeal circuits.
The episodic production of CHS ischemia without changing the venous
return to the heart (see Preparations and Procedures) resulted in a
generalized autonomic discharge characterized by an initial bradycardia
followed by a tachycardia,
in systemic pressure,
output.

a rise in peripheral resistance, and an increas

occasionally accompanied by a fall in cardiac

Atropine, 1 mg IV, was administered to block the vagal effects

upon the heart,

thereby greatly reducing the initial bradycardia.

The

remaining effects were attributed to the sympathetic portion of the auto¬
nomic nervous system.

Only animals found to be reflexic as judged by the

afore-mentioned criteria are herein reported.

Pressure-flow curves were

taken before, during and after episodic ischemia of the CITS.

The CITS

was rendered ischemic for intervals of less than three minutes.
1.

\

EFFECTS QP STAPATKSTIC STH-ILIATTOl! PIT PULMQ7TARY ARTSPIAL PPBSSVPF (PAP J
Sympathetic stimulation achieved by means of CPS ischemia was

associated with no shift of the pulmonary pressure-flow curve.

Throughout

the range of cardiac outputs achieved, the mean pulmonary arterial pressure
for a particular flow remained unchanged from control during sympathetic
stimulation.

With resumption of CITS perfusion and reversal of the cardiac

and systemic vascular responses, the pulmonary pressure-flow curve was
unaltered.

A representative example from these experiments is shown in

Figure 17.

The mean aortic pressure during the course of these experiments

was held constant at 10C mm Hg, as was the brachiocephalic pressure during
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periods of CKS perfusion.

Arterial pH ranged from Yo5 to 7-^5 and Pq^

was held at values of 100 ram Hg or greater.
2.

EFFECTS OF SYMPATHETIC STIMULATION ON SYSTOLIC AMD DIASTOLIC PAP
Systolic pulmona.ry pressures were universally higher during the

periods of CITS ischemia as compared, to control values.

Diastolic pressures

during sympathetic stimulation were lower than control in four of the
eight pressure-flow curves studies,

equal in one, and. higher in three.

Figure 17 represents a typical experiment in which the systolic, mean
and. diastolic pressure-flow curves are depicted.
3.

EFFECTS OF SYMPATHETIC STIMULATION OH LEFT ATRIAL PPESSUEE (LA?)
Left atrial pressure-flow curves were practically identical during

sympathetic stimulation and control periods.

Figure l8 (right panel)

shows an LA pressure-flow curve of a representative experiment and
demonstrates the relationship of the curves during both control and sym¬
pathetic stimulation conditions.
4.

EFFECTS OF SYMPATHETIC STIMULATION OF PERFUSION PRESSURE (PA-LA)
Since the LA pressure-flow curve was found to remain at control

levels during sympathetic stimulation,

the relationship of perfusion

pressure (PA.-LA) to flow was similar to that of PAP to flow.

Throughout

the range of cardiac .outputs achieved, the perfusion pressure (PA-LA)
for a given flow (C.0,.) was the same during sympathetic stimulation and.
control periods.
3-

Figure l8 demonstrates representative curves.

EFFECTS OF SYMPATHETIC STIIFJLATTON ON PULMONARY VASCULAR RESISTANCE (PVP)
Pulmonary vascular resistance was again calculated according to the

formula q'p—'' x 1000 = Resistance Units (mm Hg/L/min).

When flow (C.0.)

was plotted against resistance (FAR) the curves did not shift during
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sympathetic stimulation, and there was no change in vascular resistance
for a given flowr (Fig. 19--left panel).

Similarly, when pulmonary per¬

fusion pressure (PA-LA) was plotted against resistance there was no
shift of the curve during sympathetic stimulation (Fig. 19--right panel).
Thus, no increase in vascular resistance for a given perfusion pressure
could be demonstrated during sympathetic stimulation.

Therefore, the

amount of blood flow that could perfuse the lungs at a given perfusion
pressure did not decrease in response to sympathetic stimulation.
Original traces from a representative experiment are depicted in
Figure 20.

The tracings in the control panel were obtained while the

CNS was being perfused at 100 mm Hg pressure.
at levels between

tM

Blood pH was maintained

T*35“7*^5 and Pqo was greater than 100 mm Hg.

The

tracings during sympathetic stimulation (right panel) were obtained after
90 seconds of CHS ischemia in an atropinized animal.

With cardiac

output, LAP and systemic pressure held constant, sympathetic stimulation
resulted, in an increased heart rate, but no change ir: mean pulmonary
pressure.

Pulmonary systolic pressure increased and diastolic pressure

decreased during this period.

Thus, there was a marked change in the

pulse pressure with no change in flow or perfusion pressure.
Sympathetic blocks.de was achieved with TEAC infused IV to establish
that the hemodynamic changes were cf sympathetic origin.

Traces fiom

the same animal following TEAC infusion are shown in Figure 21.

It

will be noted that the production of CNS ischemia failed to produce a
change in heart rate, cardiac output, PAP, LAP, or A0?.

Noteworthy, also,

is the fact that there was no demonstrable change in the PA pressure
contour.
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iTTCAL ANALYSIS—SYuIPA- I ip .

FJLATIQIT

To standardise the data, pressures vere taken from the pressure-flow
curves a.t a flow rate of 100 rrJ./kg body weight.

This was selected becaus

it could be applied to all the pressure-flow curves obtained and required
few extrapolations.

All data from the sympathetic stimulation experiments have been
compiled in Table >•

The mean PA pressure after sympathetic stimulation

was 16.68 mm Hg (S.E. = 1.73); compared to the mean PAP during control
periods of lc.83 mm Hg (S.E. = I.89).
these populations do not differ

The calculated p<*9 indicates that

significantly.

The PA systolic was 4l.O

mm Hg (S.E. = 2.33); compared to 37*0 mm Hg (S.E. - 2.k2) during control
periods, with a calculated .9>P<*3.

The PA diastolic was I0.8 nun Hg

(S.E. = 1.46) during sy...oat he tic stimulation,

and 17*6 mn Hg (S.E. - 1-34

during the control periods, vitn a calculated .8>p<.7*

Thus, the mean

PAP did not vary significantly during experimental periods from control
values.

The slight increase in PA systolic and decrease in PA diastolic

during ischemic stimulation periods was not statistically significant.
The mean LA pressure during sympathetic stimulation was 4.43 nun Hg
(S.E. = 0.96) compared to the mean of 4.73 mm Hg (S.E.
control periods.

= O.85) during

The calculated .8>p<.7 was also not statistically

significant.
The mean PA-LA during sympathetic stimulation was 14.25 mm Hg
(S.E. = 1.4-0) and did not differ significantly from control values of
14.10 mm Hg (S.E. = 1.43)

(p<.9).
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CARDIAC

OUTPUT- ml/min

Fig. 17 Pulmonary artery pressure-flow curves showing no shift of the mean
pressure curve in response to sympathetic stimulation.
Of note, the sys¬
tolic piessore flow curve is elevated and the diastolic pressure flow curve
depressed in response to sympathetic stimulation.

V
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LA

PA-LA

PRESSURE

PRESSURE - mm Ho

Page

CARDiAC

OUTPUT - rn!/min

CARDIAC OUTPUT - ml/min

Fig. l8 Left atrial and. perfusion pressure-flow curves are depicted.
There is no shift of the curves in response to sympathetic -stimulation.
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Fig. 19 Pulmonary vascular resistance is plotted against both cardiac out¬
put and perfusion pressure.
In both instances there is no shift of the
curve toward the resistance axis in response to sympathetic stimulation.
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CAT Nfl B-20

Wt

3.36 Kg

CONTROL

SYMPATHETIC

HEART RATE 180

HEART

STIMULATION

RATE

215

LA P
mm Hg

Fig. 20 Original traces obtained from a cat shewing the relationship of
PAP and LAP to Flow (C.O.) in response to sympathetic stimulation resulting
from CNS ischemia.
Aortic pressure was constant at 100 mm Hg.
Note the
trachycardia in response to sympathetic stimulation but no increase in
mean PAP or LAP.
The configuration of the FA tracing does change with
sympathetic stimulation.
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CAT Ne B-20
TEAC
CONTROL
HEART RATE

Wt.

3.36 Kg

100 mg
SYMPATHETIC

170

STIMULATION

HEART RATE

170

HEAR!
RATE

LA P
mm Hg

Fig. 21 Original traces obtained from a cat shoving the relationship of
PAP and LAP to C.O. during sympathetic stimulation following the administra
tion of TEAC 100 rug.
Aortic pressure cardiac output and heart rate did
not change in response to sympathetic stimulation subsequent to blocking.

PRESSURE

oO.

MEAN

PA

PA- LA

Fig. 22 Ba.r graph depicts the mean PA and PA-LA pressures along with
their standard errors during control periods and following sympathetic
stimulation.
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REVIEW OF THE LITEBATUPE
15

Whereas Eeutner

was reportedly the first to record pulmonary
Qtr

arterial pressures, Openchowski is cited by p'ahas ^ as having first
described changes in pulmonary hemodynamics with hypoxia.

117
Wood ' ,

in

1902, demonstrated a rise in PAP in dogs during asphixia, and Plumier'7 ,
in lyCh,. report 'id. a pulmonary-pressor response due to hypoxia.

However,

remarkably little research was devoted to this subject in the early
twentieth century until the classic work of Von Euler and Liljestranc.
in 1946.

Stimulated by their work on the systemic vasculature, they

Ijursuod the question, of whether or not the pulmonary arterial pressure
was regulated, in a similar fashion to the systemic pressure,
the effects of several factors including hypoxia.

and studied

Liljestrand observed

an increase in PAP when cats were respirated on 10$

in EV, and noted

the effect was unaltered by vagotomy or sympathectomy, concluding that
it ” ...must be regarded as a direct effect on the lung vessels.”

They

postulated that ’’the regulation of the pulmonary blood flow is mainly
mediated by the local action of the blood and alveolar gases leading to
an adequate distribution of the blood through the various parts of the
lung according tc the efficiency of aeration.In other terms, they
believed that a decreased alveolar ?q

caused a local vasoconstriction,

and thus redistribution of the pulmonary blood flow to better ventilated
regions.
Motley,

ft 2

,

in lyn-T,

studied the effects of acute

episodes of hypoxia

upon the pulmonary artery pressure of an unanesthetized man by means of
right heart cardiac eatherization.

He reported a reversible increase in
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PAP from a normal baseline coincident "with a decrease in cardiac output
and a calculated increase in resistance.
Westcott,

11^4-

ii "3

in .1951; was stimulated by the fact that LiljestraiuT4-5

had not measured the cardiac output when studying the effects of 10$ 0o
on pulmonary circulation of cats.
"capillary pressure"

Using a technique designed to measure

by means of right heart catherizaticn, Uestcott

examined the effects of acute hypoxia upon "pulmonary arteriolar resxstance

„n h

' in normal unanesthetized men.

In these experiments mean PAP

was found to increase 24$ in response to breathing 13$ 0^ and this effect
was reversible.

Interestingly, there was no significant change in

cardiac output or capillary pressure.

In each subject the calculated

PVR (actually a pulmonary arteriolar resistance) increased with hypoxia.
Westcott concluded that anoxia caused an incree.se in PVR by means of
.vasoconstriction.
Nahas,^

in 1951? was able to study the effects of acute hypoxia

upon PAP and LA? in unanesthetized dogs.

In these experiments angiostomy

cann.ul.ae1. wore placed over the PA and LA at thoracotomy, and after recovery,
catheters for pressure measurements were inserted.
measured indirectly by means of O2 consumption.

Cardiac output was

Nahas found an increase

of 23$ in mean PAP with no change in LAP during breathing 3$ 02*

Con¬

currently cardiac output decreased 30$ and the calculated PVR increased

123$.

Nahas concluded trial vasomotion in response to hypoxia caused the

incres.se PAP.

In the same year Atwell^- described experiments in which

the lungs of anesthetized animals were ventilated separately,
while the other was allowed to rebreathe expired air.

one with air,

In these experiments

there was a shift in blood flow to the air breathing lung when the other

Page
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lung vas rebreathing, however, one half of these animals showed no response.
Aviado3 in experiments performed on anesthetized dogs,
increase in PA? in a delayed response to hypoxia.

However,

found an
in these

experiments, there was a marked increase in cardiac output which could
explain the increase in PAP.

Aviado was led to conclude thalt the pulmonary

vessels responded as did systemic by dilation when subjected to anoxia.
(A conclusion

.107

Stroud.

he subsequently reconsidered)
described an increase

...

m

.

.

PVR with hypoxia,

,

.

out.

, , ,

tms response

vas said not to occur after sympathectomy which is supportive for the
theory that the response is in some way dependent on the sympathetic
nerves.

However, Von Euler^ and Dirksen^

found no change in the pressor

response 'after sympathectomy.
Siebens,

103

in 1955- atterupted to differentiate between the effects

cf hypoxia and changes in flow which might be secondary to hypoxia, upon
pulmonary vascular resistance.

In studies using young men with bronchi¬

ectasis or sarcoid he demonstrated an increase in PAP with the increase
flow of exercise.

Hypoxia, added to exercise,

greatly increased PAP and,

whereas the calculated resistance decreased with exercises,
in the presence of hypoxia.
this study, however.

it increased

Measurements of LA pressure were not made in

Siebens demonstrated the pressor effects cf hypoxia

and the increased PVR and concluded that they were due to constriction

of the pulmonary vessels.

68

Liljestrand,'
cat lungs,

in experiments performed in 1958 on isolated perfused

demonstrated that an increase in pH,

caused by excess loss cf

CC>2 resulted in a rise in pulmonary perfusion pressure.

Perfusion of the
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lung with Hood containing lacti.c acid produced a similar rise in per¬
fusion pressure,
slight.

however, the decrease in pH during such a procedure was

Liljsstrand found that hypoxia in this preparation caused a

liberation of lactic acid which might lower the blood pH.

He describes

a relationship between decrease in pH and rise in pulmonary!artery pressure.
Further support for this thesis that lactic acid plays a fundamental role
in the rise of pulmonary pressure during hypoxia was the observation that
the use of m.cnoiodoacetic acid to stop the liberation of acetic acid
results in a lo
led to conclude

of the pressor response to hypoxia.

Liljestrand was

served to regulate the pulmonary circulation by

?°2

means of varying the pH,

thus causing vasoconstriction and subsequent

decrease -of flow.
_

It was the conclusion of Liljeswrand that stimulated 2ns on

ip

et al.

to undertake a study of the effects of changing blood pH on the pulmonary
artery pressures of patients with chronic pulmonary disease.
study using cardiac catherization data, 2nson describes a

In this

relationship*

between hydrogen ion concentration and the pulmonary piessor response.
The fail in (H+),

(increased pH) was concluded to cause vasodilation on

the basis that the pulmonary artery pressure showed no change,
decreased despite significant increases in cardiac output.

or actually

The impression

that the vascular bed had increased in capacity was strengthened by the
finding of an increased pulmonary blood volume.

In a similar study Enson

describes an increased PAP and increased CO in patients with chronic
pulmonary disease subjected to hypoxia.

When Tris was administered with

a resultant decrease in arterial oxygen saturation and a rise in pH,
there was no increa.se in PAP.

Enson concludes that a rise in pH may

Page
prevent the pressor response to hypoxia in these patients

65.

Bergofsky10

et al. in a study of normal patients could not demonstrate that Tris
buffer changed the pressor response to hypoxia, although his data con¬
cerning arterial oxygen saturation and pH were the same as Enson's.
It was unclear,

however, whether the pressor response to hrpoxia could

only be modified by a rise in pH in diseased circulations of if a greater
rise in pH would be necessary to demonstrate this phenomenon.
Ho
In a mere direct fashion, Enson'
infused 0,3M HC1 into a patient
who had shown a decrease in PAP in response to Tris, and demonstrated
that acidosis resulted in a rise of PAP.

When data from such experiments

were subjected to complex statistical analysis, mean PAP was shown to
correlate better with both (H+) and oxygen saturation than with either of
these parameters alone.

The data indicated that in relative alkalosis

the pressor response to hypoxia is mollified, whereas in relative acidosi
the pressor response to hypoxia is exaggerated.

On the basis of these

experiments Enson speculated that "...hydrogen ion concentration and
hypoxia are interacting stimuli,

one either facilitating or inhibiting

the effects of the other at the level of vascular smooth muscle.
Enson recognized the similarity of this concept to that of Liljestrand.
Rudolph and Yuan

9Q

undertook a study to determine the effects of

varying degrees of hypoxia upon the pulmonary circulation of newborn
calves.

The experimental design used is of interest in that it called fo

an open chest procedure in anesthetized animals in order to gain access
to and cannulate the great vessels.

Then the chest "was closed in layers

and cannulas externalized as in a chronic preparation, but the experi¬
ments wTere performed in the acute period while the animals continued
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under anesthesia.

In these investigations, acidosis during 100$ oxygen,

inspiration led to an increase in mean PAP with a coincident decrease in
pulmonary flow, and LAP.

Calculated PVR increased.

hypoxia varied according to the pK.

The response to

At pH 7*3 or greater hypoxia resulted

in minor decreases in flow and increases in PAP, but hypoxia caused
significant increases in PAP at pH less than 7.3-

Again,

FAR increased

and the magnitude of the increase with hypoxia was found to vary with the
degree of acidosis.

The pressor response and PVR were found to vary in

magnitude with the degree of hypoxemia, and Rudolph demonstrated a re¬
lationship of pH and Pq
centage increases in FAR.

levels,

small changes in pH resifLt in large per¬

The fact that bilateral sympathectomy had no

effect on the pulmonary vascular response to acidosis or hypoxia led
Rudolph

99

to postulate that such responses are local rather than

reflex phenomena.
Bergofsky

10

and Fishman demonstrated that the pressor response to

acidosis is similar whether it be acidosis of respiratory or metabolic
origin.

They did not correlate the degree of acidosis with the magnitude

of this pressor response,
Wilcox,

115, 116

however.

using a separate perfusion of tne greater and lesser

circuits, reported that alveolar hypoxia had a varied but insignificant
effect upon PAP while systemic hypoxia resulted in an increase in PA? and
PVR.
Harvey,

in 1965, using a mathematical analysis, attempted to

predict the mean PAP on the basis of Pq^ and (H+) and compare these predictions
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■with observed values in 43 patients with chronic obstructive pulmonary
disease.

She was able to predict pulmonary pressure quite accurately in

these patients, but the pulmonary pressure of normal subjects could not
be predicted accurately by this method.

A graphic representation of this

data revealed that at low (H+) the pulmonary vasculature is relatively
insensible to hypoxia whereas during acidosis,
to hypoxia.

it is extremely responsive

Harvey concluded that "variations in PAP, as observed in¬

patients with obstructive disease of the lungs,

can best be ascribed

tc the interactions of alveolar oxygen tension and blood hydrogen

ion

concentration upon muscular pulmonary arteries."
Shapiro,

102

..

in A9oo, undertook an investigation to determine the

effects of acid-base changes upon FVR.

Lata was obtained by means of

cardiac catherizatior: of anesthetized dogs.

He reported an increase

of PVR during metabolic acidosis and a decrease of PVR during metabolic
alkalosis, but no change in PAP during either experiment.

In experiments

in which pH was. held constant by means of varying ventilation, the infusion
of acid or base produced no consistent change in PVR, leading Shapiro
to conclude that PVR is pH dependent.

Changes in cardiac index did occur

during the experiments which was sufficient to explain,
changes in PVR.

in part, the

Furthermore, Shapiro was unable to conclude "...whether

the change in FAR due to changes in pH results from pulmonary vasomotion
or result from secondary passive effects of changes in LAP.

Shapiro

found a. statistically significant correlation of pH and PVR.
Bergofsky

10. 9

in a study performed on subjects with a normal pulmonar

vasculature was unable to find any effects of increased pH upon hypoxic
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pressor responses.

However, Vogel

118

had an interesting clinical oppor¬

tunity to study a patient -with no pulmonary disease -who presented with
obesity and hypoventilation.

The regulating importance of arterial Pq^

and (H+) upon the pulmonary arterial pressure was studied using catherizstion data..

In this patient, hyperventilation with a consequent increase

in p,v resulted in a decrease in mean PAP.

Using TKAM,

the pH was then

increased with no change in Pq^, "but a. similar fall in PAP occurred.
In this same patient, changing the inspired air to 100$ Op and thus
raising Pq^ with no change in pH led to a slight increase in mean PAP.
Therefore, Vogel concluded that in this patient with normal lungs and
chronic hypoxia,
Whereas Prison

42

(K+) had a significant role in regulation of PAP.
had previously suggested that an increase in the pH

would alter the pulmonary pressor response to hypoxia only in patients
with chronic pulmonary disease, she studies of Vogel extend this molli¬
fying effect to a normal vasculature.

Vogel was unable to find evidence

of increased release of lactic acid in this patient which is interesting
in the light of Lii.jestrand's ^ suggestion that local acid release
mediates the pulmonary response to hypoxia.
In another perfusion experiment using isolated dog lungs, Lloyd^
studied the influence of pH on the pulmonary vasoconstrictor response to
hypoxia.

Without exception he demonstrated a pressor response to hypoxia

and was then able to reduce the magnitude of this response by increasing
the pH.

hp
These studies were in agreement with those of Enson “ in which

an increase in pH diminished, the pressor response to hypoxia in patients
with chronic lung disease.

Lloyd suggested that local pH might be in¬

fluential in the hypoxia pressor mechanism.
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In summary, many investigators have studied the eifects ol‘ acute
hypoxia upon the pulmonary vasculature.
hypoxia was reported ty Lewis,
Lloyd,

Kentera,

Bergoisky,

An increase in FAR with acute

^ Nahas,^ Stroud,Cropp,^ Berry.'L^
and Wilcox,

xo List tut a few.

nevertheless, other workers have reported no change or a decrease in PVR
with hypoxia.

6^

13 6
~

This controversial topic also includes those who

adhere to both points of view, notable Sackner-^ and Aviado.^
The site of the vas©notion and the means by which it is mediated
is a subject ol even greater controversy.

Several investigators have
q'Q

demonstrated that diffusion of Og can occur into the precapillary vessels, 3
and such data would support the concept that vasomotion was a precapillary
phenomenon.

Enson

42

emphasises that these vessels' walls are indeed

accessible to local (H+) and oxygen changes and theorizes that it may
be these environmental changes which lead to vasomotion and redistribution
of blood flow according to ventilation.
In man, hypoxia has been found to result in an increased PAP (Motley,
Westcott,

11A

82

o7
Doyle'5') with no effect upon pulmonary wedge pressure

(Westcott , ^~ 4, Doyle^).

on the basis of these observations, it has

been suggested that hypoxia results in constriction of muscular branches
of the puj-monary artery.

Bergofsky provided evidence that hypoxia confined
11-

to precapillary segments could produce pulmonary vasoconstriction. ‘L

The

study by Morkin ~ supports the point of view that the precapillary vessels
may be involved in vasomotion associated with hypoxia, in that he describes
an increased PAP with no change or a decrease in flow pulse in the pulmonary
capi3.la.ries.

There was no associated increase in FA. wedge or LAP and so

Morkin concludes that it would not be reasonable to implicate either post

op

J~’
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capillary vessels or the pulmonary venc-atrial junction as "being involved
in vasomotion,
Rivera-Estrado9

found an increase in pulmonary wedge pressure with

no change in LAP during acute hypoxia.

Such data support the thesis of

a post capilla,ry change in resistance, but this particular study did not
include measurements of cardiac output.

12
Berry,

however, agrees with Eivera-Estrado and found an increa.se
yO

in post capillary, but not precapillary resistance.

McLaughlin

reported finding an increase in PVR with hypoxia that was due to a rise
in post capillary resistance, and presented evidence to indicate that
this response was mediated by the sympathetic nervous system,

88

TTissel"

demonstrated pooling of blood in the lung with a coincident increase in
PAP subsequent to stimulation with hypoxic gas mixtures,

and concluded

that the vasoconstriction occurred on the venous side of the capillary
bed.

Sackner^^ is in the middle of the road, and states that his studies

"indicate that significant vasomotor activity is present throughout the
pulmonary arterial tree."

Fishman,4® in a recent review of the litera¬

ture, was led to conclude that the largest body of evidence suggests
that the active segment is the post capillary portion of the pulmonary
vasculature.
The studies of Liljestrand®® and Motley®” were,

in a large part,

responsible for the suggestion that local hypoxia might be the stimulus
for local changes in resistance and consequent shunting of blood.

In-

response to this, many investiga.tors attempted to demonstrate a differ¬
ential in perfusion in various lobules or lobes according to their exposure to different gas mixtures.

Fishman

46

points ouc that most

investigators have 'been unable to demonstrate a redistribution of blood
from a hypoxic lung to a wall aerated one, until the hypoxia was severe
enough to correspond to the oxygen tension of venous blood (5'Jo)-

Desfares

in i960, was able to demonstrate redistribution of blood using hypoxia
caused by 10°jo oxygen. Dirksen

showed a shift of blood flow during

unilateral hypoxia in rabbits while Atwell

4

and Peters

9]

showed a similar

effect in dogs.
Moore and Cochran^ . had attempted such a study and were unable to
demonstrate a redistribution of blood flow through a dog's lung.

58
Jacobeaus

found no redistribution of flow in man.

The variability of

the results included Dirks en^ and Heemstra’s work in which there was a
relative increase in blood flow occurring in the rabbit lung.

However,

this effect required horns to occur and was certainly subject to doubt.
Rahn,

93

however, was able to demonstrate a redistribution that occurred
)l

in a matter of minutes in a dog preparation.

Atwell

venuilated one

lung in a dog preparation with air that had been equilibrated with pulmona
arterial blood and noted a relative shift of flow to the lung ventilated
with room air (approximately 21$ oxygen).

Of note is the fact that

pulmonary venous pressure was not elevated when the one lung received
the hypoxic air mixture.

This study was far from definitive, however,

in that only one half of the small number of animals used showed the
hypoxic pressor response.

Also,

inherent in this study, was a relative

hypercapnia associated with the hypoxemia (decreased arterial saturation)
and several investigators have claimed a pulmonary pressor response for
hypercapnia.^*

^*

^8
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Using unilateral nitrogen breathing in dogs, Peters

91

demonstrated

a reduction in blood flow to the hypoxic lung with a calculated increase
in vascular resistance.

Peters

91

Delieved that this provided evidence

to refute the hypothesis of Liljestrand

68

.

that the pressor response was

due to a low mixed venous oxygen saturation for in these experiments
both lungs 'were perfused with blood of the same oxygen content.
Lopez-Majana

v4

..

in i960, reported an interesting study using radio¬

isotopes in men with pulmonary disease to assess the effects of regional
hypoxia, upon the distribution of pulmonary blood flow.
scans were obtained using I

131

In these studies

serum albumin and were interpreted as

showing a partition of the blood flow.

In sedated subjects when one

lung was ventilated via the tracheal c-annula, with 100$ nitrogen, a
resulting 92$ decrea.se in flow was found on the hypoxic side, with a
coincident increase in ventilation to that side.
vincing evidence that as Lopez states,

Such data provides con¬

"the lung is capable of altering

regional perfusion and ventilation in a manner ideally suited to minimize
V'l

change in alveolar and pulmonary capillary'- oxygen tensions."

Arborelius, “

in a study performed on humans with normal lungs, found that flow to a
hypoxic lung reached a minimum within five minutes.
significantly after approximately fifteen minutes.

Ventilation increased
Arborelius interprets

these findings as in accord with those of Desfares^ and concludes that
the results support the theory of Von Euler ^ and Liljestrand (1996)
that the oxygen tension in alveolar gas acts as a physiologic stimulus
for keeping a, normal balance of ventilation and flow within the lungs.
Staub,

106

in 1963, attempted to use histologic, rather than physio¬

logic means- of demonstrating the site of the action of hypoxia on the

Page 73pulmonary vasculature.

Using a rapid freezing technique,

he demonstrated

a smaller internal diameter of pulmonary arteries in hypoxic lungs com¬
pared to their control counterparts,

in a separate ventilation experiment,

Staub concluded that the arterial portion of the circuit was the site of
an active constrictive process and hypothesized, as had otiiers, that
the "functional value of an increase in pulmonary vascular resistance
due to hypoxia is the local adjustment of perfusion to ventilation of
the terminal respiratory units."
In a subsequent study Kato and Staub°

selectively ventilated one

loce of a cat’s lung with either hypoxic or hypercapnic gas mixtures
while all other lobes received oxygen.

Measurements of internal dia¬

meters of small muscular pulmonary arteries after rapid freezing revealed
that in the presence of regional alveolar hypoxia without systemic
hypoxemia, there was actual vasoconstriction of these muscular segments.
This data correlated well with the large calculated decrease in blood
flow to the hypoxic segment.

While such data add evidence to the belief

that the precapillary region of the pulmonary vasculature is the active
vasomotor site, they also demonstrate the partition of perfusion from
hypoxic to well ventilated regions of the lung.
While such a body of evidence,

though controversial, has been compiled

ether investigators have pursued the question of whether the pressor
response is a local or central reflex, and. how it is mediated.

Accordingly

the literature contains a veaiuh of studies ranging from the anatomic to
the biochemical.
below.

Representative and pertinent studies will be presented

Verity

performed a histologic study of the inner'/at ion of the pul¬

monary artery of the cat from the valve ring to the lobar bifurcations.
Fibers from both sides to the main pulmonary bifurcation consist of ele¬
ments derived from the vagus, recurrent laryngeal, and branches from the
stellate ganglia.

He describes a diffuse plexus of both myelinated and

non-myelinated fibers which permeate the adventitia and there travel with
vasa vasora into the media.

The fibers in the media were found to be mainly

efferents and a contractile response (in vitro) was elicited by electrical,
stimulation near the stellate ganglia,

but not by stimulation of the vagua.

Blocking with hexamethonium was noted to reduce, but not eliminate, the
response to electrical stimulation.

Of note, Verity did not find the classi¬

cal pressor-receptors in the cat PA, but found simple fiber arborisation
throughout the "vessel wall.
Fisher,

44

using data obtained in an anatomic study, describes a specie

variation in the innervation of the extra- and intra-pulmonic vessels.

lie

notes that in the cat, the intra-pulmonic arteries have but a, sparee network
of fibers contrasted to the veins vhich appear richly innervated.

Such data

provide strength for those who believe the venous phase is the prime site of
vasomotion; but, this anatomic data dees not substantially weaken the thesis
that, physiologically,

this vasomotion may be most significant in the arteriol

Several investigators have provided evidence that pressor receptor¬
like endings exist in the pulmonary artery of the cat'^-’
verity and Sevan"*"

and dog.^+

in 1965, presented a morphologic study which provides

evidence for an afferent fiber system in the adventitia of the pulmonary
aruery.

Some of the fiber endings consisted of fine unspecialized arboriza¬

tions, but many had the characteristics of de Castro Type II presso¬
receptor endings.

That such pressoreceptors may be involved in a reflex

Page 75ventilatory change was proposed by bevan and Kennison.

pk

They describe

a ventilation-regulating reflex similar to a Bejold-like reflex,, that or¬
iginates from "a pressure sensitive zone in the region of the FA bifur¬
cation."

This is of interest in that it supports the thesis that changes

in pulmonary artery pressure are reflexly capable of inducing respiratory
and perhaps systemic effects.
Coleridge

24

reported an interesting study in which dogs anesthetized

with chloralose were used to demonstrate a relationship of PAP to impulse
activity in fibers from pulmonary artery baroreceptors.

He reports

an increased frequency of impulses with a rise in PAJ? and went on to
characterize the baroreceptors further by finding that the activity noted
was,

in general,

confined to systole, and that pulsatile pressure was a

more effective stimulus than constant pressure.

Coleridge,

2S

in a

different study, describes recordings from pulmonary baroreceptors via
fibers dissected from the cervical vagus.

Histologic studies of these

preparations were used to identify the sensory endings which he descirbes
as being fine branched coiled fibers that were in,

or in contact with,

the media of the right or left PA but net the min PA,
not done on cats,

This work was.

however.

90
Osorio''
descrioed a reflex change in pulmonary and systemic pressure
in response to stimulation of pulmonary artery baroreceptors.

Osorio

inflated a balloon in the pulmonary artery and noted both a rise in
systemic and pulmonary artery pressures unaffected by vagotomy.

He con¬

cluded that the increase in PAP was of .reflex origin from baroreceptors
in the larger branches of the pulmonary artery, thus a pulmo-pulmonary
reflex.

Kinnisin,

64

•
in a study of reflex mechanoreceptors, reported a
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ref.lex by which a, decrease in PAT, with no change in aortic or* right
atrial pressures or heart rate, resulted in an increase in respiratory
rate and depth.
Such studies have many implications.

Each is a significant contri¬

bution toward the understanding of a certain reflex mechanism whether
intrinsic or extrinsic to the lung.

While these reflexes do not directly

concern the hypoxemia or acidemia pressor response they do show that
ieflex mechanisms may exist in the pulmonary vasculature.

Many different

preparations have been used to demonstrate that the musculature of the
pulmonary arteries is responsive to electrical or chemical stimuli.
10h
Smith,

in 1951, undertook an "in vitro" study of the effects of anoxia

upon isolated strips of pulmonary vessels obtained in the post mortem
period.

In these studies, vessels which eontricted in response to epi¬

nephrine did not constrict with hypoxia.

However, as he emphasizes, the

pulmonary vessels studied in these experiments were generally large, and
it may well be that it is smaller vessels which are most active in the
vasemotion in response to hypoxia.

Bergofskv8 showed that isolated

strips of pulmonary artery in an "in vitro" preparation respond to hypoxia
by constricting.

Such data provides support for the theory that the

response is a local phenomenon.
_
105
Somlyo
demonstrated in an "in vitro" preparation of canine main
PA that isotonic contractions can occur in response to various stimuli
including catecholamines and serotonin.

While this does indicate that it

is feasible for active regulation of the pulmonary artery diameter by its'
inherent smooth muscle, the characteristics of the more distant (and probabl
significant branches of the artery) were not elucidated by this study.
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An increase in pulmonary artery muscle mass subsequent to chronic
hypoxia has initiated the controversial subject of,
the cause or the effect of the hypoxia?"
Naeye

83

"is the new muscle

While this is still debated,

used a chronic unilateral hypoxia preparation to demonstrate an
I

increase in muscle mass.

However, this occurred in both arteries and

veins and several factors,
rather than factual.

such as pulmonary pressure, were presumptive.

VJh.ile such data is most useful in the study of

the etiology of pulmonary hypertension and its relation to the pulmonary
vessels,

it also serves to d.emonstrate that the muscle mass is responsive.

Whether the stimulus be physical or chemical remains unsolved.

The data

is further useful in support of the concept that the vasculature responds
directly to changes in its biochemical environment and I refer to the
previously cited studies that demonstrate the diffusion of alveolar gases
into the pre-capillary pilmonary arterioles.
A variety of physiologic studies have demonstrated reflex control
of the pulmonary vasculature.

Laly

70

found evidence in anesthetized

dogs that pulmonary vascular resistance could in part be controlled by
extrinsic vasomotor nerves.

7J

Ds.ly~ ' also claimed a decrease in pulmonary

vascular resistance elicited, by stimulation of carotid body chemoreceptors

*1 p
Viswanathan

~ presented evidence that reflex vasoconstriction does occur

with the accidental finding that the inflation of a balloon catheter
during pulmonary angiography results in an increase in pulmonary artery
pressure.

Viswanathan concluded that "the rise in pressure in these

cases is due to reflex vasoconstriction of pulmonary arterioles as a whole
and considered these findings as "direct evidence that even a small pul¬
monary embolus car. produce reflex vasoconstriction and consequent increase
in pulmona.r.v vascular resistance."

/
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led to conclude that there may be a constant sympathetic tone to the pul¬
monary vessels, which when this influence is removed, respond to epinephrine

98
Rose

presented evidence that norepinephrine had a direct vaso¬

constrictive effect on the pulmonary vasculature effecting an increase
3

in PAP with a concomitant decrease in flow.

However, Aramendia

reported

no change in PAP and only slight changes in PVR subsequent to infusion of
norepinephrine and/or isoproterenol.

The changes in FAR can proba.bly be

attributed to the changes in cardiac output that occurred concomitantly.
McGaff,

77

stimulated by the use of ganlionic blockade in the treat¬

ment of pulmonary edema., undertook a study to determine if such drugs
had a. direct vasodilatory effect on the pulmonary vasculature..
arfonad,

Using

he produced a decrease in PAP, LAP, PA wedge pressure, as well

as cardiac output, but there was no significant increase in pulmonary
blood volume to suggest vasodilation, as opposed to mere relaxation of
vessel wall with decreased intra-luminal pressure.
data from another point of view,

Looking at this

it provides some evidence that there is

no set sympathetic "tone” which maintains pulmonary vascular dynamics.
Luke,

39

using an isolated perfusion technique, reported an increase

in sympathetic activity as well as an increase in rate and.depth of inspiration in response to anoxia of the pulmonary artery perfusate.

PL
Nahas ^

found the pulmonary vasculature of sympathectomized dogs to be less
responsive to hypoxia than that of normal dogs and supported the concept
of an autonomic mediation for the vasopressor response.
Lloyd,^ in 1964, had concluded that the vasoconstriction seen in
response to pulmonary hypoxia was an !,intra pulmonary reflex rather than
a direct alteration of vascular muscle tone due to oxygen deprivation."
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In subsequent experiments,

electrical stimulation was noted, to cause a

reversible increase of PAP that -was not blocked by atropine, but was
blocked by dibenzilene or reserpine.

However, the increased. PAP caused

by hypoxia, was not changed by dibenzilene or reserpine.

Also, of impor¬

tance, was the finding that an increase in pH abolished the!response to
hypoxia, but not to electrical stimulation.
to propose an intrapulmonary reflex,

While Lloyd uses these data

it also provides support for the view

that the sympathetics are not the mediators of the response and that there
is an interaction of pH and Pn
11
Bergofsky

in their effect upon the pulmonary circuit.

u2
provided evidence that hypoxemia of the brain and carotid

chemoreceptors. resulted in no orange in PAP, or PVR, while the same
animal still responded to hypoxia.

If these animals, were indeed reflexive,

this supports the theory that the response is on the basis of a local
effect or reflex due to the hypoxia..

Similarly,

Renais^ 'perfused, the

dog brain with intermittent hypoxia and found no change in PAP in animals
that showed a pressor response to alveolar hypoxia.

Fritts'1 found that

the response was also unaffected by a local division of the pulmonary nerve
plexus.

Hudson

on the other hand,

has reported that sympathectomy or

local sympathetic block prevents the pressor response to hypoxia.
Maxwell ^

has shown that guanethidine produces a selective blockade

of the post-ganglionic sympathetic pathways.

In a study using apparently

normal subjects upon whom cardiac catherization was performed, guanethidine
was not found to cause any changes in the pulmonary vasculature.
as an isolated stimulus, did result in an increased PAP arid CO
change in wedge pressure.

Hypoxia,
with no

With guanethidine, there was no change in the

person's response to hypoxia, and. thus Harris^ concluded that "it seems
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improbable that the sympathetic nervous system plays a part in the
effects of hypozia on heart and pulmonary circulation."

That the pul¬

monary pressor response may occur without the autonomic nervous system
or neurohumor is supported by many investigators.
in part; led Fishman

46

Such evidence has^

to conclude that pulmonary vasomotion is a con¬

sequence of local effects on the pulmonary vessels and at present the
greatest amount of evidence suggests that the active segment is in trie
post capillary portion of the pulmonary vasculature.
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VI.

DISCUSSION
The pulmonary vasculature is unique not only in design but also in

function.

It is unlike the system, of vessels to other body organs which

serve a.s conduits of nutrition.

Instead,

its primary role is its function

in external respiration, with secondary functions as a blood resevoir, a

p^
filter,

etc.

Command.-

compiled experimental data obtained in observa¬

tions on man and animals and presented some characteristics that in part
define the pulmonary circulation.

These characteristics are:

a) an

equal, amount of blood flows through the pulmonary and systemic circula¬
tions; b) the pulmonary vasculature is a low pressure system while
handling the same flow as the corresponding high pressure systemic circuit.
This is dependent upon the distensibility of the pulmonary vessels and
the large capacity of the vascular bed.
the low vascular lesistance;

The essential difference is thus

c) the distribution of blood through indi¬

vidual regions of the lungs depends on local conditions rather than nervous• •
system control.

Command, inf erred.,

on indirect evidence,

that the mechani¬

cal factor of change in resistance provided, for shunting of blood or, a
local level.

Subsequent observations provided. Command and others with

evidence that active vas.omotion might indeed serve in the regulation of
pulmonary pressure and. flow.

However, the mechanical model is still valuable

Indeed the pulmonary circuit is a low pressure system in which counterparts of the systemic arteriole,

-

a resistance vessel with a high ratio

of wall thickness to lumen do not exist.

The large pulmonary vessels,

unlike systemic vessels, rapidly divide into thin wailed, large lumened
channels.

The media of the main pulmonary artery is but half the thickness
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of that of the aorta,

b5

and,

similarly, the srna.ll pulmonary arteries

have far less smooth muscle than do their systemic counterparts.

Few

would doubt the proposition that vascular smooth muscle is a prerequisite
for vasomotion, and it is logical to assume that vessels that are more
heavily endowed, with muscle are more likely to constrict arjd less likely
to be passively dilated.

While the small muscular arteries in the

systemic circuit are the site of vascular resistance,

one would not expect

the corresponding pulmonary arteries with their scant musculature to
serve as resistance vessels.

The pulmonary pre-capillary vessels,

-

however, 100-1000 u in diameter have a well organized media and histologi¬
cally would appear to be better suited for vasomotion.

Wo smooth muscle

or other types of contractile elements are believed to exist in the
pulmonary capillaries and the venules have but a scant amount of smooth
muscle in their walls.

Whereas the pulmonary veins have but a small

quantity of irregularly placed smooth muscle and. from a histologic point
of view would not be expected to be a major source of vasoconstriction, the
region of the veins where they enter the left atrium is surrounded by a
sleeve-like extension of myocardium which conceivably could serve as
"throttles" to flow.^
Cournand,

27

in 194j,

obtained pressure tracings from the left atrium

in patients with atrial septal defects and demonstrated that the LAP
exceeds the mean RAP, and that the cyclical range of pressures were also
greater on the left than the right.

He concluded that the left atrium

and the pulmonary venous system, as a resevoir, were less distensible
than the corresponding system on the right.

89
Opdyke, y Little, and oxhers
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confirmed, this data in experiments performed on dogs, and such evidence
lends cred.ence to the view that slight distention of a normal left
atrium may be accompanied by considerable pressure changes in the venous
resevoir.

From a mechnical point of view, therefore,

it is easy to

conceive of an effect on the pulmonary artery pressure resulting from
such passive changes.
The pulmonary blood, flow in the normal vasculature is equal to the
cardiac output of the right side of the heart.

The first measurements

of pulmonary arterial pressure were reportedly made by Beautner in 1852.^
In general, the contour of the pressure wave is similar to that of the
aorta, the major difference being amplitude.

45

hs

Fishman'" discusses the

use of pressure-flow curves as a measure of pulmonary vascular resistance
and makes the point that the physical laws that have been derived to
explain the relationship of pressure, flow and resistance cannot be
applied precisely to a vascular bed., for the vasculature is a "non-linear,
frequency dependent system perfused by a complex fluid" in which flow is
pulsatile.

Therefore resistance is not a constant charcteristic of a

particular vessel or group of vessels, but rather varies with the physiologic circumstances.

45
'

Since the pulmonary circuit is a low pressure

circuit and yet is perfused with the same amount of flow as the systemic
circuit, the pulmonary resistance must be proportionately less than the
systemic.

Fishman4"' discusses possible errors in the calculations of

pulmonary vascular resistance and lists a number of factors aside from

45

vasemotion which could cause a change in vascular resistance (Table 6).

The knowledge of the above factors has caused some degree of dissatis¬
faction with the use of calculated resistance, and it is for this reason
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that pressure-flow- curves are advocated by Fishman 'v and were used in
this study to demonstrate graphically the relationship of flow versus
pressure during control and experimental conditions.

A study of pul¬

monary vascular compliance was undertaken to determine the passive
pressure-flow relationship, know]edge of which is essential to an in¬
vestigation of vasomotion.

These studies also demonstrated that the

vasculature, as stiidied in this experimental preparation, had the same
compliance characteristics already shown by Sarnoff^^ to be typical
of the pulmonary vasculature.

Sarnoff demonstrated in an isolated lung

perfusion that for "a given volume of blood in the system, the pressure
is higher while volume is increasing than decreasing."

Thus, the shape

of the compliance curve differed during the periods of infusion and
withdrawal, a phenomenon which was attributed, to stress relaxation of
the vasculature,

and reflects a change in distensibility.

In the experimental preparation used in the investigation of
acidemia and hypoxemia, compliance studies were performed, by means of
transfusion and hemorrhage of whole blood.

Pulmonary pressure-flow

curves were obtained and a representative example is shown in Figure 23.
In this study, for a given flaw the pulmonary pressure was found to be
higher during transfusion than during hemorrhage, and thus, the compliance curves were different during periods of infusion and withdrawal.
These data are in agreement with the work of Sarnoff and the compliance
curves are of similar shape.

Figure 23^also shows the same compliance

study obtained during a period of acidosis.

Figure 23B represents a

similar study performed on a different animal in which two degrees of
acidemia were studied.

These preliminary data demonstrate a shift of
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the entire compliance curve (a pressure-flow curve) to the left during
conditions of acidemia as compared to the control.

Also of interest,

the data reveal that there is a. more pronounced shift of the compliance
curve with a greater magnitude of acidemia.

The left atrial pressures

did not change significantly during performance of the compliance
curves,

either during control or experimental, conditions.

Therefore,

the changes noted in no way reflect the effects of passive influences of
the left atrial pressure, but rather characterize the distensibility of
the pulmonary vasculature.

Such preliminary findings suggest that the

pulmonary vasculature might indeed be responsive to stimuli such as
acidemia and that the use of the experimental preparations previously
described would appear to be justified.
In these experiments systemic arterial hypoxia resulted in a rise in
pulmonary arterial pressure, and pulmonary vascular resistance at any
given cardiac output.

One of the prime advantages of the experimental

design was the availability of data with which pressure-flow carves
could be formulated and compared.

Previous experiments have 'varied

considerably in design in order to measure pressure and flow,
anesthetized,
however,

non-a.nesthetized or isolated preparations.

either in

To my knowledge,

idlere is no account in the literature of a preparation allowing

control of cardiac output.

Whereas cardiac output or pulmonary flaw has

been measured in a variety of ways,

including the Fick principle,

dilution and electromagnetic flow probe,

dye

the effect of the changes in

cardiac output encountered during an experiment has never been quantita¬
tively analyzed.

In my experiments it was entirely possible to control

the cardiac output by means of altering the venous return to the right side

Page 87.
of the heart.

Changes in cardiac output, and therefore changes in pul¬

monary flow were readily achieved and the PAP, PA-LA and PVR could he
determined for a given flow during control and experimental conditions.
Much controversy has filled the literature regarding errors in the
techniques of measuring cardiac output, to the effect that in some ex¬
periments two methods were used, both yielding different results and
and therefore opposite conclusions.

An example of such data was the

work of Nahas0-' in which the effect of hypoxia was studied using nonnarcotized dogs.

In these experiments Nahas reports an increase in PAP

and PVR with a decrease in cardiac output during conditions of hypoxia.
One would he led to conclude that the increase in PVR was a result of
the hypoxia.

However,

simultaneous measurements of cardiac output hy

means of the dye dilution technique revealed an increase in cardiac
output, and Nahas concluded that the increase in flow might well account
for the increase in PAP, with no actual change in PVR.

Liljestrands’^

original observation of the increased PAP with hypoxia have been sub¬
ject to question because cardiac output was not measured.
Command,

26

in a recent review, discusses the use of the Fick prin¬

ciple as a method of determining pulmonary flow.

Since this method was•

developed, a 'variety of indirect means of determining flow have been
devised including the use of isotope tracers, thermal and sonic flow meters,
electromagnetic flow meters, and rotameters.

Moran,0'

in a recent review,

discusses tiie properties of the ideal flow meter which, to date, can be
approached,

but has yet to be developed.

electromagnetic flow meter

So

Both the rotameter and the

,

can generally he calibrated to within a Sp
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error, a figure which is less troublesome when it is realized, that it is
a constant except at the extremes of flow.

In the experiments reported

herein, both systems were repeatedly calibrated in the manner suggested
by Moran, and over a three year period only a minute variation was
encountered.
The flow meters were used to determine the cardiac output in ml/min
of the left side of the heart; a flow level which, plus the coronary
flow,

is equal to the pulmonary flow.

While such a method is an indirect

measurement of pulmonary flow it was chosen for several reasons.
First, throughout the range of flow achieved, left cardiac output
plus coronary flow is equal to right cardiac output, with the exception
of the brief intervals necessary for equilibration after a sudden change
SO
in venous return.^

Since a considerable period was allowed for equilibrium

after each increment of venous return, this potential source of error
was avoided.
Second, the method of application of the electromagnetic flow probe
is of great importance in the recording of pulsatile flow.

80

In the

preparation using adult cats the length of the main pulmonary artery was
found to be slightly too short for correct application of the flow probe.
Under these circumstances when improperly pla.cea, the probe compromised
either the coronary arteries or the right pulmonary artery.
There remains one factor which must be considered when aortic flow
is used a,s an indication of pulmonary flow.

If there is a vessel proxi¬

mal to the point at which flow is being measured, then the true cardiac
output is greater than the measured amount of flow.

In these prepara¬

tions, the onl;y vessels that were patent and proximal to the measuring
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device (either electromagnetic probe cr the Shipley-Wilson Rotameter)
were the coronary arteries.
slant,

i. e., 4-5'Jo

50

If coronary blood flow is relatively con-

of the average 300 ml cardiac output, then pulmonary

flow would be 4-5$ higher than that measured in the aorta, a difference
of 12-15 ml/min.

This factor would not be a source ofjerror for it

would be constantly present.

That is to say,

the pulmonary flow for a

particular pressure would be slightly higher than recorded during control
and experimental conditions.
In these experiments, the effects of hypoxemia were studied and
showed an increase in the pressure for a particular flow.

Hypoxemia has

been reported by Love and others ^ to cause a decrease in coronary
vascular resistance with a concomitant increase.in flow.

If this

occurred in the present experiments, then the cardiac output measured
would be less than the actual right heart output by more than 5%.

The

difference x$-5$ would represent an unmeasured increment in pulmonary
flow during hypoxia.

If the magnitude of this increment were large,

then the change in PA pressure might,

in part, be a passive phenomenon.

This is unlikely for the following reasons:
1)

Since coronary flow is in part a function of cardiac work^,

changes in systemic, arterial pressure and left cardiac output would be
expected to change flow.

However,

systemic pressure was held constant

during the entire experiment.
2)

The increase in coronary flow during systemic hypoxia has ranged

in various investigations between 50 and 100^^ of the original flow.
Extrapolating this data reveals that the actual increase would be 7*5 rl
to 15 ml.

Lategola^0 was able to draw a passive pressure flow curve for
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the pulmonary vascular bed of an intact dog,.

In these experiments he

plotted aFIow ($) on the abscissa against yp ($) pressure on the ordinate
and found a curve with a gradual slope until approximately 250$ flow
when the slope of the curve increased abruptly.

Therefore, over the

range of flow encountered in my experiments (approximately 100-200$)
a great variation in flow exerts passively only a slight change in
pulmonary pressure.
Taking such data one step further, one finds in my compliance
data, that it required an average change of approximately 50 ml flow for
an increase in pulmonary pressure of 1 mm Hg.

It is therefore apparent

that if the coronary flow increases 100$ thus adding IS ml to the pul¬
monary flow, the passive effects of such a change would be an approxi¬
mate elevation of PA pressure by 0.3 mm Hg.

In the hypoxemia experiments

the mean aPA was calculated to be 3*^- mm Hg and
acidemia experiments.

cj.8

mm Hg in the

Thus, the contribution of a passive change would

be a maximum of 9$ and 5$ respectively to the overall change in pulmonary
pressure.

It has long been believed that sympathetic stimulation may

increase coronary flow via its effects on systemic resistance.and work.^
Since the arterial pressure was constant, there is no reason to expect
a passive increase in coronary flow due to sympathetic stimulation in
these experiments.

Hackel^ has shown in experiments on adrenaleetanized

sympathectanized dogs that the sympathetic nervous system is not involved
in the response of coronary flow to hypoxia.
In the experiments studying sympathetic stimulation,

it was elected

to use the Shipley-Wilson Rotameter for measurements of cardiac output.
This was done to avoid dissection about the root of the great vessels
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with possible damage to autonomic nerve fibers which would be necessary
for proper placement of an electromagnetic flow probe.
The methodology used in the study of the effects of sympathetic
stimulation upon the pulmonary vasculature was derived in part from the
classic experiments of Harvey Cushing, wno elucidate the "CHS ischemic
reflex."

In experiments performed in 1901,

Cushing " described a servo¬

like mechanism by which auto-regulation of CHS perfusion occurred.

When

CSF pressure was elevated to exceed arterial pressure (thus cerebral
compression), the animal's systemic blood pressure reflexly increased
to exceed CSF pressure, and thus afforded perfusion.
his experiments,

In the course of

Cushing describes the rise in CSF pressure as resulting

in evacuation of bowel, bladder, pronounced slowing of the heart as
well as prompt rise in blood pressure; all such effects known to be
mediated via the autonomic nervous system.

Cushing preceded to demon¬

strate the neural efferents of this reflex by selectively cutting the
vagi and narcotizing the spinal cord.

In concluding that an "increase

in intracranial tension occasions a rise in blood pressure which tends
to find a level slightly above that of the pressure exerted against the
medulla",

Cushing a£jtly described what is now known as the CHS ischemic

reflex.
Of importance is the fact that Cushing

29

produced cerebral compression

and thus effected CHS ischemia locally, rather than by proximal ligation
of the feeding arteries with resultant stimulation of carotid and aortic
receptors.

Guyton^ selectively denervated these structures as he

produced a proximal type of ischemia and his data reveal a contribution
to the ischemic pressor response' by reflexes originating from the carotid sinu.
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In essence Guyton's results vere identical to Cushing's and he agrees
with the latter's conclusion that there is a pressor response to CN5
ischemia.

Guyton further states that this reflex is "probably mediated

through the sympathetic nervous system" to which Cushing's data would add

!

credence.

Further evidence that this mediation was indeed via the sympathetics
i|Q

was provided by Grimson

in 1937-

He showed a decline in systemic

blood pressure after sympathectomy in dogs which gradually returned to
normal over a period, of six months.

He confirmed that a rise in CSF

pressure elicited a rise in blood pressure in normal dogs and went on
to demonstrate that such an increase in C3F pressure after sympathectomy
resulted in a decline in blood pressure and ensuing’death.
periments, as did Cushing's,

These ex¬

revealed the presence of a parasympathetic

outflow, along with the sympathetic component, which was reflected in
a marked bradycardia and which was negated by vagotomy.
In my experiments,

CNS ischemia was produced proximally by shunting

of blood from the brachiocephalic vascular bed to a venous return line,
and thus effecting an autonomic discharge without inherent changes in
vascular dynamics.

Both parasympathetic and sympathetic outflows were

encountered as was expected and a selective chemical blockade was
employed to differentiate the responses.
This investigation demonstrates that the pulmonary vasculature
responds with an increase in mean pulmonary artery pressure, perfusion
pressure and resistance to both the stimuli of systemic acidemia and
hypoxemia.

Furthermore, the response to the combination of these

two stimuli is greater than the response to either stimulus alone.

Page 93It has also teen shown that mean pulmonary pressure and perfusion pressure
do not increase in response to strong sympathetic stimulation., although
pulmonary systolic pressure my increase.
The results of this study are in "basic agreement with those of
Liljestrand,

68

Motley,

8?

~ Enson,

l-o

Rudolph,

QQ

and others,

in that they

support the thesis that hypoxemia and/or acidemia cause a pulmonary
pressor-response with a resulting increase in PAP and PVR.

That the

stimuli are interacting was reflected in the fact that the combination of
acidemia and hypoxemia resulted in a far greater response than either,
stimulus alone.

This is in complete agreement with the work of both

Enspn and. Rudolph.
Teleologically,

one can a..ssume that such a reflex plays a role in

the regulation of local perfusion according to ventilation.

24

the studies of Coleridge and others "

Furthermore,

which describe a 'pulmo-pulmonary”

reflex may in part describe a means for the active regulation of ventila¬
tion according to perfusion and perfusion pressure, thus completing a
teleologic circuit.
These experiments amply verified that a pressoresponse occurs and
that it is an active rather than a passive phenomenon.

The site of the'

vasomotor response, however, has not been elucidated by this work.
Pulmonary vein or wedge pressures were not monitored.

At the same time,

this study does not refute the predominant belief that the active segments
of the pulmonary vasculature are the post-capillary vessels.

It does

present strong evidence that the response is not mediated via the sympa¬
thetic portion of the autonomic nervous system, however.

Furthermore,

it supports the tenet that the response is either a local direct effect,
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or is reflexly mediated within the lung.
Of the many influences that could theoretically influence pulmonary
vascular dynamics,
influential.

respiratory mechanics and LAP are probably the most

Rodbard emphasized the concept that cyclical changes in

airway pressures could be reflected in PVR via extraluminal pressure
applied to capillaries, and might be responsible for some redistribution
of blood flow to various lung regions.

Bannister^ found that perfusion

pressure was directly related to inflation pressure (Pp) when Fp was
greater than LAP.

Permutt and Riley^ also demonstrated, that variation

in IAP had no effect on pulmonary flow if Pp exceeded LAP (the "waterfall"
concept),
Such data would mean that the venous portion of the perfusion pressure
is determined by P^ when Pp exceeds LAP.

Therefore since Pp can be con¬

sidered as being applied to the alveolar-capillary bed,

it can be seen

that flow ca.n be altered by Pp and, therefore, Pp must be considered in
evaluating PVR.

DeBonoJ,J found a linear relationship of alveolar pressure

and PAP, both during inspiration and expiration.

De Bono comments that

the alteration in PVR (calculated according to PA-LA/Flow) during inspira¬
tion is actually artifactual for the "downstream end of the gradient has
shifted from the LA to the alveoli."

The experimental evidence showing

a decrease in PVR with a rise in LAP-

’

’

is probably in error due

to the use of the wrong gradient in the calculations.
Colebatchr^ reported an increase in resistance to lung inflation due
to vagal stimulation, and attributed the effect to bronchoconstriction.
The coincident small increase in FVR was interpreted, and probably justi¬
fiably, as due to the decrease in cardiac output.

This finding was
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similar to Lloyd's^ in which he reported an increase in inflation pressure
subsequent to electrical stimulation via arterial, and bronchial cannulae.
that was abolished by atropine.
It is apparent, therefore, that airway pressure needs to be con¬
sidered.

It is to be noted that all pressure-flow measurements in this

investigation were obtained under stable conditions after passive defla¬
tion of the animal's lungs for brief intervals.

Thus, the results herein

reprted cannot be attributed to the passive influence of bronchoconstriction
or positive pressure inspiration.
were also obtained.

LAP was monitored and LAP-Flow curves

Such data reveal no shift of these curves and signi¬

ficant stability of these pressures to make negligible any contribution,
in a passive manner,

of LAP to PAP.

It is concluded from this study that the pulmonary circulation is
by no means a passive vehicle for flow.

On the contrary, this investi¬

gation supports the suggestion that there is a significant active vaso¬
motor response to acidemia and hypoxemia,

singly or in combination.

This study also rejects the theory that passive influences of airway
or left atrial pressure are nec.ess0.ry for the above responses.

While

an attempt was not ms.de to elucidate the site of vasomotion in the pul¬
monary vasculature,

evidence is presented to refute the concept that the

sympathetic portion of the autonomic nervous system is the mediator
for this response.
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VII._SUMMEY
The controversial issue regarding the existence of an active pul¬
monary vasomotor response to hypoxemia and acidemia is presented.

The

pertinent literature concerning the ability of the pulmonary vasculature
j
to respond to these and other stimuli, and the possible location and
mechanisms of the vasomotor response is reviewed.
Three types of heart-lung preparations are described which provide
new degrees of experimental control.

The use of continuous monitoring

of many parameters is discussed and the experimental procedure is des¬
cribed.

The use of pressure-flow curves as descriptive of changes in

pulmonary vascular dynamics is discussed.
A statistical analysis of data obtained is presented and demonstrates
significant reversible elevation of PAP and PA-LA in response to hypoxemia
or acidemia, without significant elevations in LAP.

Data is also pre¬

sented which reveal that the interaction of these stimuli produces a
greater elevation in PAP and PA-LA than occurs with either stimulus
alone.

Furthermore,

it was demonstrated that increased sympathetic

outflow resulting from CDS ischemia does not alter the pulmonary pressureflow curves.
The validity of the methodology and results herein described are
discussed with regard to the pertinent literature.
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FACTORS CONCEIVABLY INVOLVED IN A CHANGE IN PULMONARY VASCULAR RESISTANCE

Mechanical (passive)
Passive Cardiocirdilatory Effects
1.

Pack pressure from left atrium, or pulmonary veins

2.

Change in pulmonary blood flow

3*

Change in pulmonary blood volume

4.

Bronchial collateral circulation
a.

Nutrition of nerves_, ganglia and smooth muscle

b.

Patency of collateral circulation

Passive Respiratory Effects
p.

o

Change in alveolar pressures
a.

Tone of bronchial smooth muscles

t.

Secretion of bronchial glands

c.

Alveolar surface tensions

Change in intrathoracic pressures

5*

Tone of interstitial smooth muscle

4.

Pericapillary edema

Vasomotor (Active)
Original:ing from without the lungs
1.

Autonomic nervous system (including systemic chemoreceptors)

2.

Cat ec holamines

Originating within the lungs
1.

"Critical" closure of small muscular vessels

2.

Intr&vascular chemoreceptors

3*

Chemical stimuli (directly on vascular muscle)

4.

Deranged vascular metabolism.

CT

Local reflexes

on

'Table 6

ME AM

FAR — mm Hg
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CARDI AC

OUTPUT - ml/mln

Fig. 23 Pulmonary vascular compliance curves obtained by the transfusion and hemorrhage of whole blood in a cat preparation,
Solid lines
represent transfusion; dotted lines represent hemorrhage,
Of note, the
entire compliance curve shifts toward the pressure axis in a graded
fashion in response to acidemia.

Page 99.

RSFERMCES

1.

Agrest, A.
Effects of bladder distention in pi.lLnioria.i-y vascular bed.
Cir. Res.
8:501-505, i960.

2.

Arborelius, M.
Influence of modei’ate hypoxia in one lung on the
distribution of the pulmonary circulation and ventilation.
Scandanavian Journal of Clinical Laboratory Investigation.
17:257-259, 1965.

3.

Aramendia, P.
Response of pulmonary circulation to infusion of
norepinepherine and isoproternol.
Acto. Physiol. Lat Amer.
13:20-25, IQ03.
Atwell, R.J.
Reduction of blood flow through the hypoxic lung.
Amer. J. Phys,
166:37-44, 1951.

5-

Aviado, D.H.
Effects of anoxia, on pulmonary circulation reflex
pulmonary vasoconstriction.
Amer. J. Phys.
189:253-262, 195J. 7I •

6.

Aviado, D.H.
Effects of anoxia, on P, PVR, and blood, volume of
pulmonary vessels.
Amer. J. Phys.
169:460-470, 1952.

7-

Bannister, J. et al.
The effects of the tracheal pressure upon
flow.
Quart. J. Exp. Phys.
45:352, 1960.

8.

Bergofsky, E.H.
Cellular mechanism for pulmonary pressor response
to hypoxia..
Fed. Proc.
24:645, 19^5.

9-

Bergofsky, E.H.
The effects of a.cute alkalosis and acidosis on the
pulmonary circulation.
Ann. N.Y. Acad. Sci.
92:627-631, 19 6l.

10.

Bergofsky, E.H.
Effects of changes in hydrogen ion concentration
on the pulmonary circulation.
J. Clin. Invest.
41:1492-1502, 1962.

11.

Bergofsky, E.H.
Pulmonary vasoconstriction in response to pre¬
capillary hypoxemia.
J. Clin. Invest.
42:1201-1215, 1963*

12.

Berry, W.3.
The effects of acute hypoxia on pressure, flow and
resistance in the pulmonary vascular bed.
Surgery.
58:4o4-4ll, 1965.

13.

Beutner, A. as cited by Vogel.
The role of (Hr) in regulation of
pulmonary artery pressure.
Circulation.
32:788-796, 1965*

14.

Sevan, J.A. and Kinnison, G.L.
Identity of pulmonary artery
pressure and lobeline induced -ventilatory reflex. Amer. J. Phys.
208:1231, 1965.

Page 100.
Ip.

Boake, W.C. et al.
sion.
Brit. H. J.

Observations on hypoxic pulmonary hyperten¬
21-31, 1959.

16.

Borst.
Influence of pulmonary arterial and left atrial pressure
in pulmonary vascular resistance.
Cir. Res.
4;393; 1956.

17.

Braconi, R.
Pulmonary baroreeeptors in the cat.
italiennes do Biologie.
97:305-315; 1959*

18.

Buckley, M.J.
Effects of anethetic agents on pulmonary vascular
resistance during hypoxia.
Surg. Forum,
J_5:l83-l84, 1964.

19.

Carlill, 3.D.
Some observation on pulmonary hemodynamics in the
cat.
J. Phys.
136:112, 1957.

20.

Carlill, S.D.
Pulmonary vascular changes in response to variation
in left atrial pressure.
J. Phys,
133:275; 1956.

21.

Comroe, J.

22.

Comroe, J.
The main functions of the pulmonary circulation.
Circulation.
33:146-158, 1966.

23.

Colebatch, J.
Effect of vagotomy and vagal stimulation on lung
mechanics and circulation.
J. Applied. Phys.
18:881-887, 1963.

24.

Coleridge, J.C,
Relationship between pulmonary arterial pressure
and impulse activity in pulmonary artery baroreceptoiu fibers.
J. Phys.
156;591-602, 1961.

25.

Coleridge, J.C,
Distribution, connections and histology of baro¬
reeeptors in pulmonary artery.
J. Phys.
156:591-602, 1961.

26.

Cournand, A.
circulation.

27.

Cournand, A., Motely, et al.
Recording of blood pressure from the
left auricle and the pulmonary veins in human subjects with inter¬
atrial septal defects.
Am. J. Phys.
150:267; 1947-

28.

Cropp, G.J.
Effects of high intra-alveolar Pqo on the pulmonary
circulation in perfused lungs of dogs.
Am. J. Phys.
208:130-138, 2.965.

29.

Cushing H.
Concerning a definite regulatory mechanism of the
vasomotor center which controls blood pressure during cerebral
compression.
Bull. Johns Hopkins Hosp,
12:290-292, 1901.

30.

Daly, I.
Sensory receptors in the pulmonary vascular bed,.
J. Exp. Phys.
27:123; 1937-

Archives

Pulmonary Circulation, New York, 1959; P* 20.

Recent observations on the dynamics of the pulmonary
Bull. N.Y. Acad. Medicine.
23:27* 1947*

Opart.

Page 101=
31.

Daly, I. and DeBurgh.
‘The effects of stimulation of the carotid
body chemoreceptors on pulmonary vascular resistance in the dog.
J. Pays.
137:426, 1957-

32.

Davies, as cited by Bergofsky, E.H.
Pulmonary vasoconstriction in
response to pre-capillary hypoxemia,
J. Clin. Invest.
42:12011215, 1963. '

33.

DeBono, E.P.
Effect of lung inflating pressure on pulmonary blood
pressure and flew.
Am. J. Phys.
205:1178-1186, 1963.

34.

Desfares, as cited, by Arborelius, M.
Influence of moderate hyp ox i
in one lung in the distribution of the pulmonary circulation and
ventilation.
17:257-259j 19^5*

35-

Dirksen.
Alveolar oxygen tension and lung circulation.
Exp. Phys.
34:193, 1948.

36.

Dirksen.
Agents acting on the lung circulation.
Phys.
34:193, 1948.

37*

Doyle.
The pulmonary vascular responses to short term hypoxia in
human subjects.
Circulation.
5:263, 1952-

38.

Duke, E.H.
The action of carbon dioxid,e on isolated perfused, dog
lungs.
Quart. J. Exp. phys.
35*.25, 1949*

39*

Duke, I'T.H.
Pulmonary chemoreceptors.
164-175, 1963.

40.

Duke W1H.
Pulmonary vasomotor response to epinepherine and ncrepinepherine in the cat.
Circ. Res.
8:640-648, i960.

41.

Edvards, W.S.
The effects of lung inflation and epinephrine on
pulmonary vascular resistance.
Am. J. Phys.
107:758, 1951•

42.

Enson, Y.
Influence of hydrogen ion concentration and hypoxia on
pulmonary circulation.
J. Clin. Invest.
43:ll46-ll6o, 1964.

43.

Euler, V.S. von and Liljestrand, G.
arterial blood pressure in the cat.
304-320, 1946.

14.

Fisher.
The intrinsic innervation of pulmonary vessels.
Anat.
60:48l-496, 19b5•

45.

Fishman, A.

Quart. J.

Wuart. J. Exp.

Quart. J. Exp. Phys.

48:

Observations on the pulmonary
Acta Physiol. Scand.
12:

Acta.

Handbook of Fhsyiology, Waverly Press, Inc., Maryland

196346.

Fishman, A.
circulation.

Respiratory gases in the regulation of the pulmonary
Phys. Rev.

4l:214-290, 196l.

Page 102.
47.

Fritts.
The effect of acetylcholine on the human pulmonary cir¬
culation under normal and hypoxic conditions.
J. Clin. Invest.
37:99, 1958.

48.

Gad dura.
The localization of the action of drugs in the pulmonary
vessels of dogs and cats.
J. Phys.
77:139, 1933*

49.

Grimson, K.S.
The early and remote effects of total and. partial
paravertebral sympathectomy on blood pressure.
Armais of Surgery.
106:801-825, 1937.

50.

Guyton, A.
Textbook of Medical Physiology,
New York, 1964, p. 460.

51.

Guyton, A.
Acute hypertension in dogs -with cerebral ischemia.
Am. J. Phys.
151:45-54, 1948.

52.

Hacked, D.
Coronary blood flow and myocardial metabolism during
hypoxia in adrenalectomized-sympathectomiz ed dogs.
Am. J. Phys.

W. B. Saunders Co.,

186:112, 1956.
53*

Haddy.
Pulmonary vascular resistance in anesthetized dogs.
Am. J. Phys.
172:74?, 1953-

54.

Harris, P.
The influence of qua.nethidine on hypoxic pulmonary
hypertension in normal man.
Clin. Sci.
21:295-300. 1961

55*

Harvey, R.
The influence of hydrogen ion concentration in the
control of pulmonary arterial pressures in points with obstructive
disease of the lungs.
Med. Thorac.
22:108-11?, 1-965'

56.

Hellems, H.K.
2:24, 1949.

57.

Himmelstein.
Effect of severe unilateral hypoxia on the partition
of pulmonary blood flew in man.
J. Thorax. Sug.
36:389, 1958.

58.

Jacobeaus.
A branchospirometic study in the ability of the human
lungs to substitute for one another.
Acta. Med- Scand.
105:211, 1940

59*

Jameson, A.
Diffusion of gases from alveolus to precapillary arteries
Science.
139:826-828, 1963.

6C.

Hudson, W.E.
Studies on the pulmonary circulation.
33:946, 1954.

61.

Kato, M. and Staub, N.C.
Response of small pulmonary arteries to
unilobar hypoxia and hypercapnia.
Circ. Res.
19:426-440, 1966.

62.

Katz, A.

Pulmonary capillary pressure in man.

Regulation of coronary flow.

Am, J. Phys.

J. Appl. Phys.

J, Clin. Invest.

180:393,

1955-

Page 103.
63.

Kentera, D.
Hemodynamic response to hypoxia in dogs with
chronic pulmonary hypertension.
Am. J. Phys.
207:65O-652, 1964.

64.

Einnison, G.
Reflex change in heart rate and ventilation induced
by central blood pressure changes.
Am. J. Phys.
208:3.222, 1965.

65.

Lancaster. J., et al.
Effect of hypoxia on pulmonary vasculature
of a dog.
Arch. Surg.
87:485, 19 63.

66.

Lategola.
Pressure-flow relationships in the dog lung during acute
subtotal pulmonary vascular occlusion.
Am. J. Phys.
192:613, 1958.

67.

Levis, B.
Effects of hypoxia on pulmonary circulation of dogs.
Am. J. Phys.
170:574-587, 1952.

68.

Liljestrand, G.
Chemical control of the distribution of the pul¬
monary blood flow.
Acta Phys. Scand.
44:216-240, 1958.

69.

Little, R.
Volume elastic properties of the right and left atrium.
Am. J. Phys.
158:237, 19^9-

70.

Lloyd, T.C.
resistance.

71-

Lloyd, T.C.
Influence of blood pH in hypoxic vasoconstriction.
J. Appl. Phys.
21:358-364, 1966.

72.

Lloyd, T.C.
Pulmonary vasoconstriction during histotoxic hypoxia.
J. Appl. Phys.
20:488, 1965.

73*

Lloyd, T.C.
Role of nerve pathways in hypoxic vasoconstriction of
the lung.
J. Appl. Phys.
21:1352-1355, i960.

74.

Lopez-Majana.
Effect of regional hypoxia in the distribution of
pulmonary blood flow in man.
Circ. Res.
18:550-557, 1966.

75*

Love, William.
Effect of hypoxemia and hypercapnia on the regional
distribution of myocardial blood flow.
Am. J. Phys.
208:1211, 1965.

76.

Maxwell.
Ciba 5864-50, a new synthetic antihypertensive agent.
Experientia.
15:267, 1959-

77*

McGaff.
Effects of acute ganglionic blockade in pulmonary circula¬
tion of the dog.
Am. J. Med. Sci.
246:319-324, 1963.

78.

McLaughlin, J.
Pulmonary vascular responses to hypoxia and. their
modification by pharmacologic sympathectomy.
Surg. Forum.
15:
I85-I86, 1964.

Effect of alveolar hypoxia on pulmonary vascular
J. Appl.. Phys.
19:1086-1094, 1064.

Page 104.
79-

Moore, R., et al.
The effects of closed pneumothorax, partial
occlusion of one primary bronchus, phrecetomy, and the respiration
of nitrogen by one lung on pulmonary expansion and the minute
volume of blood flowing through the lungs.
J. Thor. Surg.
2:468, 1933.

80.

Moran.

81.

Morkin, E.
Pulmonary capillary flow pul.se and the site of pul¬
monary vasoconstriction in the dog.
Circ. Res.
15:146-160, 1964.

82.

Motlej7, H.
Influence of short periods of induced acute anoxia
upon pulmonary artery pressure in man.
Am. J. Phys.
150:315; 194-7-

83<

Naeye, R.
Pulmonary vascular charges with chronic unilateral
pulmonary hypoxia..
Circ. Res.
17:160-167, 1965*

84.

Nahas, G.
Influence of acute hypoxia on sympathectomized and
adrenalectomized dogs.
Aon. J. Phys.
177:13015, 1954-•

85*

Nahas, G.
Influences of hypoxia on pulmonary circulation of nonnarcotized dogs.
J. Appl. Phys.
6:467, 1953-

86.

Nahas, G.
Influence of short periods of acute anoxia upon pul¬
monary artery and left atrial pressure in unanesthetized dogs.
Am. J. Phys.
167:812-813, 1951.

87*

Nisell.
Effects of oxygen and carbon deoxide on the circulation
of isolated and perfused lungs of the cat.
Acta Phys. Scand.
16:131, 1948.

88.

Nisell.
The influence of blood gases on the pulmonary vessels of
the cat.
Acta Phys. Scand,
23:85, 1951-

89.

Opdyke, D. et al.
Studies of simultaneous right and left atrial
pressure pulses under normal and experimentally altered condi¬
tions. Am. J. Phys.
154:258, 1948.

90.

Osorio, J.
Reflex changes in the pulmonary and systemic pressures
elicited by stimulation of baroreceptc-rs in the pulmonary artery.
Circ. Res.
10:664-667, 1962.

91-

Peters, R.
Effect of unilateral nitrogen breathing upon pulmonary
blood flew.
Am. J. Phys.
171:250-255, 1952.

92.

Plumier, L.
La circulation pulmonaire chez le chien.
Internationales de Physiologie.
1:176-213, 1904.

93.

Pahn.
Simultaneous determination of blood flow through each lung.
Fed. ?roc.
9:102, 1950,

Blood flourmeters.

New Eng.

J. Med.

276:225, 19^7-

Archives

Page 10594.

Renals, J.
Action of cerebral hypoxia on pulmonary arterial
pressure of dogs.
Pathologic et Biologic.
8:267-263, 1960.

95*

Riley.
Ciba Symposium on Pulmonary Structure and Function.
London, Churchill, 1962.

96.

Rivera-Estrada, C.
ture.
Circ. Res.

97*

Rodbard.
Effect of airway pressure on pulmonary circulation.
Jap. Heart J.
7:369-385, 1966,

98.

Rose, J.
Comparison of effects of angiotensin and norepinepherine
on pulmonary circulation, systemic arteries and veins, and systemic
vascular capacity in the dog.
Circ.
25:247-212, 1962.

99*

Rudolph, A., et al.
Response of the pulmonary vasculature to
hypoxia and hydrogen ion concentration changes.
J. Clin. Invest.
45:399, 1966.

Action of hypoxia on the pulmonary vascula¬
6:1, 1958-

100.

Sackner, M.
The site of pulmonary vasomotor activity during
hypoxia or serotonin administration.
J. Clin. Invest.
45:112121, 1966.

101.

Sarnoff, S. and Berglund, E.
Pressure-volume characteristics
and stress relaxation in the pulmonary vascular bed of the dog.
Am. J. Phys.
171:238, 1952.

102.

Shapiro, B.
Pulmonary hemodynamics during acute acid base
changes in the intact dog.
Am. J. Phys.
210:1026-1032, i960.

103.

Siebens, A.
Effect of hypoxia on the pulmonary vessels in man.
Am. J. Phys.
l80:428, 1955.

104.

Smith, B.
Reactions of isolated pulmonary blood vessels to anoxia,
epinepherine, acetylcholine and histamine.
Am. J. Phys.
lop:732737, 1951.

105.

Somlyo, A.
Vasomotor function of smooth muscle in the main pul¬
monary artery.
Am. J. Phys.
200:1196-1200, 1964.

106.

Staub, Ii.
Site of action of hypoxia on pulmonary vasculature.
Fed. Proc.
22:453, 1963.

107.

Stroud, R.
Effect of oxygen and carbon dioxide upon resistance
of pulmonary blood vessels.
.Am. J. Phys.
172:211-220, 1953*

108.

Thilenius, 0.
Effect of anesthesia on response of pulmonary cir¬
culation of dogs to acute hypoxia.
J. Appl. Phys.
21:901-004, 1966.

Page 106.
109.

Verity, A.
Distribution of nerve endings in the pulmonary artery
of the cat.
Science.
155:785, 1962.

110.

Verity, A.
Innervation of pulmonary artery bifurcation of the
cat,
Amer. J. Anat.
11.6:75-89, 1965.

111.

Verity, A.
Pulmonary artery innervation:
a morphopharmacologic
correlation.
Proceedings of the Western Pharmacology Society.
8:57, 1965.

112.

Visvanathan, R.
Evidence for vasomotor control of pulmonary cir¬
culation in man.
lancet.
1:1135-1140, 1964.

113.

Vogel.
The role of the hydrogen ion concentration in the regula¬
tion of pulmonary artery pressure.
Circ.
32:788-796, 1965*

114.

Westcott, R.
Anoxia and human pulmonary vascular1 resistance.
J. Clin. Invest.
30:957-970, 1951 •

115.

Wilcox, B.
Effects of hypoxia, on the pulmonary artery pressure.
Surg. Forum.
14:234-236, 1963.

116.

Wilcox, B.
Effect of hypoxia on pulmonary artery pressure of
dogs.
Am. J. Phys.
207:13-14, 1964.

117-

Wood, H.C. A physiological study of the pulmonary circulation.
Am. J. Phys.
6:233-294:1902.

Il8.

Wood, H.C.
The effect cf acetylcholine on pulmonary vascular
resistance and left atrial pressure in mitral stenosis.
British
Heart J.
19:2179, 1957-

■r

YALE MEDICAL LIBRARY
Manuscript Theses

Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the Yale Medical Library are to be used only with due regard to the
rights of the authors.

Bibliographical references may be noted, but passages

must not be copied without permission of the authors, and without proper credit
being given in subsequent written or published work.
This thesis by

has been

used by the following persons, whose signatures attest their acceptance of the
above restrictions.

NAME AND ADDRESS

DATE

